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FOREWORD 
by 


PROFESSOR SIR FREDERIC BARTLETT, C.B.E., D.Sc., F.R.S. 


IN my judgment this book is of such substance and quality that it can 
stand well by itself and is in no need of any Foreword. Nevertheless, 
there are particular reasons, apart from my long-standing friendship 
with the author, which make my present task to me an uncommonly 
pleasing one. 

As I read the pages of this recorded research I was again and again 
taken back in memory to the earlier days of the British Psychological 
Society, when W. H. R. Rivers, C. S. Myers, William McDougall and 
others discussed, with tremendous and friendly heat, the merits and 
demerits of the various colour theories. 


It would be wrong to suggest that 


xii 


FOREWORD xiii 


merit of this book lies in its contribution to a theory of colour vision. 
In a practical way also the volume is important. In all modern 
communities colours are much used as signals for particular types of 
action, and if those signals are misinterpreted, or only tarduy inter- 
pretcd, in most cases inefficiency and in some cases avoidable disaster 
may result. Many common views about what is and what is not 
dangerous in the way of colour perception defects are either confused 
or incorrect, and some of the commonly accepted tests for such 
defects are none too reliable. It may be, as Dr. Pickford himself 
suggests, that his Four-Colour Test (see especially pp. 303-4 and 
317) is still susceptible of much improvement, but it does seem that on 
the evidence assembled it represents an important practical gain. 

Further, there is no other book I know in which the general 
methodology of this type of psycho-physical investigationis dealt with 
anything like as well. Again and again—but none too often—we 
read how the colour-defective observer will use indirect and sub- 
sidiary cucs to help him, sometimes without knowing what he is 
doing. We are shown to what a large extent the observer may be 
influenced by the unwary experimenter. In these and other ways the 
book is a contribution to the methodology of basic psychological 
experiment which will be found to have very wide applications. 

Much more could be said in praise of this book and, no doubt what- 
ever, much more will be said in its criticism. There is, however, one 
thing about which supporters and opponents are likely to agree, and 
that is that Dr. Pickford has found out how to write about exceedingly 
technical matters in a manner which both the expert and the general 
reader will find deeply interesting. Perhaps this is because, being a 
good psychologist, he never forgets that the people who respond to 
his colours do other things as well. 


PREFACE 


AFTER a century or more of intensive and brilliant research there is 
still much doubt and controversy about the essential nature of the 
psycho-physical functions of colour vision and about its variations in 
the population. The aims of the present research have been three- 
fold: (1) To make an efficient test of colour vision, which reveals the 
differences between people with normal sensitivity, which compares 
them directly even with the most defective, ‘and which distinguishes 
clearly between the different kinds of defects; (2) To use this test to 
study variations of colour vision, to discover the types of variation, 
their frequency and distribution in the population, the way they are 
inherited and affect the individual in daily life; (3) To throw light 
upon theoretical problems of colour vision, and to discover which 
colour vision theory most adequately accords with the facts. 

This book gives full details of the apparatus used and of the 
techniques of testing employed. An account will also be given of the 
various difficulties which were encountered: (a) in the design and 
construction of the tests from a purely physical point of view; (b) in 
dealing with different types and degrees of colour defect and sen- 
Sitivity, and of the precautions to be taken in separating them 
efficiently; (c) in dealing with different personal attitudes of the 
individuals tested, the importance of which cannot be overestimated. 

Like intelligence testing, in which the majority of psychologists are 
now experienced, colour vision testing is a matter for the clinical 
expert. In testing intelligence it is essential to encourage the subject 
to do his very best under strictly standardised conditions, but without 
giving him more credit than his due. In colour vision testing the same 
principles apply, but it is of vital importance that the tester must be 
constantly on his guard lest the subject is better at testing him than 
he is at testing the subject. I am indebted to Dr, R. A. Houstoun 
for pointing this out to me, and shall explain and justify the observa- 
tion more fully later, when the special peculiarities of numerous 
colour-blind individuals will be discussed in detail. 

In colour vision testing t 
over-estimating any defect: 
colour blindness, which gi 
tunities of evasion, shoul 
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even as a preliminary to more careful individual testing. One of my 
most distinguished correspondents on colour vision, who wished to do 
group testing, explained that most of his subjects were children, and 
that they at least had not learned to test the tester. I share his benevo- 
lence but not his optimism. Children are experts at testing adults, 
and this is one of the qualities which makes them interesting. Colour 
blind persons, even children, tend quite unwittingly to exploit every 
possible kind of advantage which their companions, who do not 
believe that any person can see the same world and see it in such 
a different way, unintentionally offer. 

The experiments which are described in this book were begun 
in 1942, as a result of three circumstances. The first of these was my 
acquaintance with three red-green defective men: Mr. Joseph F. 
Simpson, Dr. G. H. Haydock, and Mr. John McDonald. Mr. 
Simpson had discovered, many years before, that he could read the 
“colour blind” figures in the Ishihara test easily and could guess 
at the “ normal ” figures only with very great difficulty. He was 
aware of no colour vision defect in himself in daily life, except a slight 
doubt about the naming of certain desaturated greens and a difficulty 
in finding red golf tees in the green grass. He had kept his difficulty 
with the Ishihara test strictly to himself, but it was found that he 
called the Ilford Spectrum-Yellow colour-filter “ green ”. This led 
to a careful study of his colour vision with Holmgren’s Wools, 
Stilling’s Tables, Ishihara’s Test, Edridge-Green’s Beads and with a 
spectrometer. He was a red-green defective of a kind which these 
tests did not determine unequivocally, namely green anomalous, and 
his condition will be discussed further in relevant parts of the 
book. 

Dr. Haydock admitted in a conversation that he had a difficulty 
in finding his golf tee if he was foolish enough to use a red one. He 
added with firmness that he was not colour blind, but this conversa- 
tion led me to repeat upon him the tests carried out on Mr. Simpson, 
and he was an extreme red-green defective. Numerous discussions 
about the appearance of colours and about the distinctions between 
them, and carefully directed questions and tests revealed an enormous 
amount of what might be called “ clinical” information concerning 
colour blindness. Insight was gained into the nature of the. diffi- 
culties met with by the colour blind, how they overcome those 
difficulties, and how their habitual and often most ingenious, though 
often unconscious methods or “ tricks” for avoiding detection, may 
be circumvented in critical tests. Frank discussions with Dr. Haydock 
were perhaps more illuminating than any book on colour blindness. 
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From Mr. McDonald, who was another extreme red-green defective, 
much preliminary information was also collected. 

The second circumstance which led to the present research was 
the conviction that there was need for a test of colour vision defects 
more efficient than any in ordinary use. This conviction arose partly 
out of the discussions with these three men, partly as a result of colour 
vision tests carried out in psychology classes at Glasgow University 
over a period of years, and partly as a result of my own research on the 
effects of coloured haze or veiling glare. The tests in common use 
were only too obviously inadequate. Mr. Simpson, for example, 
could pass Holmgren’s Wool test or the Edridge-Green Beads test 
with ease, but he failed the Stilling Tables unequivocally and the 
Ishihara test classed him as “ totally green blind”. Dr. Haydock 
and Mr. McDonald, however, failed completely on all these tests, but 
the Ishihara and Stilling Tables did not discriminate them from Mr. 
Simpson. Dr. Haydock was, in daily life, much more able to dis- 
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statement of the shortcomings of this theory in 1942. Much later I 
read his book and found his adaptation of the Hering Theory, which, 
in contrast with the Young-Helmholtz Theory, fitted the observed 
data with surprising efficiency. A secondary aim of the experiments 
then arose and became prominent: that of testing the principal 
theories of colour vision. At the start the Young-Helmholtz theory 
had been taken for granted, but became more and more doubtful 
because of its excessive simplicity in relation to the obvious com- 
plexity of the facts of colour vision. Experiments were then planned 
to submit this and other theories to critical tests. Thus the principal 
aims of the research came to be determined by the circumstances 
which led up to it. Other interests were added as the work proceeded, 
and the most important of these was the study of the inheritance of 
colour vision defects. 

The whole research may be regarded as a preliminary study for a 
more detailed and adequate investigation of all the problems set 
forth, especially variations of colour vision with race, age, social 
Status, intelligence, occupation and many other factors. The in- 
vestigation of a planned sample, deliberately arranged according to 
the well-known principles of such studies, of not less than 10,000 
men and boys and 10,000 women and girls, would be required to 
reveal the main trends of colour vision in a country the size of 
Scotland, 

Before proceeding any further, I should like to make four points 
clear to the reader. In the first place, this book gives the results of 
tests all of which were carried out by the writer, with the exception of 
about half a dozen normal adults tested by Mr. Joseph F. Simpson and 
and the children tested by Mr. Robert Brown, and these children are 
not included in the group of subjects tested by the writer to standar- 
dise the Four-Colour Test. 

In the second place, the temptation to alter the technique or 
details of the apparatus or set-up of the tests was resisted while they 
were in progress. Thus each “run” of tests has been made as 
consistent with itself in tester, technique, apparatus and experimental 
set-up as humanly possible. 

Thirdly, I have also resisted the temptation to combine by statis- 
tical techniques the results of tests not strictly comparable on the 
psycho-physical side, in order to swell the numbers. Three exceptions 
to this rule will be found, however, which seemed justifiable. In 
experiments such as these, differences due to changes of coloured 
papers, filters, and details of laboratory technique, cannot be equalised 
or eliminated by statistical methods. If a subject appears as a major 


xviii PREFACE 

defective in one test and falls into the normal group in another, then 
it is our task to find out what is wrong with either or both of the tests, 
and, for example, combined inter-correlations for such tests should be 
avoided. | 

Finally, I have tried to make it clear that statistics cannot replace 
the detailed study of the individual in psychology, but that statistical 
and individual studies are complementary. This science at its best 
consists neither of generalisations, whether verbal or mathematical, 
nor of individual observations, taken by themselves, but of all these 
combined and welded into a complete whole. 

I wish to thank all the subjects who came forward to be tested, 
for their interest and co-operation. Many members of the “ Old | 
Laundry Room Fire-Watching Picket”? and the “ Women’s Fire- 
Watching Picket ” at Glasgow University, will remember the even- 
ings spent doing the Rotating Disks Test and other tests. In addition 
my gratitude is due to Dr. Mary Collins and Dr. R. A. Houstoun for 
their advice and criticisms, and to Professor Sir Cyril Burt for his 
many interesting letters about factorial analysis. Miss Ruth Bowyer; 
Miss E. C. Leighton, Miss Ivy Bell, Miss M. M. Donaldson, Miss A. 
Crawford, Professor Edward P. Cathcart, Professor W. J. Brownlow 
Riddell, Professor G. H. Bell, Professor Henryk Misiak, Dr. R. R. 
Rusk, Dr. G. G. Neill Wright, Mr. A. Aaron, Mr. P. A. D. Gardner, 
Mr. L. F. Thomson, Mr. W. Macauley, Mr. Robert Brown, Mr. 
Charles L. Price, Mr. W. MacMaster and others were kind enough 
to help by providing subjects to be tested and making suitable arrange- 
ments for testing them. My thanks are also due to Mr. Joseph F. 
Simpson for his interest in the statistics and diagrams, and to my 
wife and to Mr. P. A. D. Gardner for criticisms of the manuscript. 
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Chapter 1 
PROBLEMS OF COLOUR VISION 


Tus chapter will be divided into three main parts. In the first part 
it will be necessary to give a short account of the characteristics of 
colour experiences and their relation to the physical stimuliconcerned, 
and of other preliminary details about colour vision and colour blind- 
ness, for which the expert will forgive me. In the second part the four 
main hypotheses, which have been offered as explanations of colour 
vision, will be described briefly, because the book is concerned with 
experiments designed partly in order to test these hypotheses. The 
third part will deal with the Rayleigh Equation, upon which the 
experiments to be described later are based and modelled. 


STIMULUS, RECEPTOR AND SENSATION 


The normal stimuli which are capable of exciting vision consist 
of electro-magnetic light waves falling on the retina. Pressure on the 
eyeball and other exceptional stimuli may sometimes excite the 
retina to visual response, but these stimuli will not be considered in 
this book. Physical stimuli act by exciting the end-organs of the 
receptor systems. In vision these are the rods and cones of the retina, 
and most psychologists and physiologists accept the Duplicity Theory 
of von Kries, that the rods operate only in almost complete darkness, 
and give rise to colourless sensations, when the stimuli are far too 
slight to excite the cones at all, while the cones operate in brighter 
illumination and give rise to the sensations of ordinary daylight 
vision, at intensities of stimulation which are so great that the rods are 
now completely out of action. Willmer has put forward an interest- 
ing modification of this theory, namely, a suggestion that some of the 
problems of colour vision might be solved if we assumed the existence 
of certain “ day-rods ” which operate in bright light. For the pur- 
Poses of the present book it will be best to accept the familiar Duplicity 
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Theory. Sometimes it will be convenient to use the expression 
“ receptor system ”, which includes not only the sensory end-organs 
but also their connections with the visual cortex of the brain. Much 
of the discussion about theories of colour vision is concerned with 
the number of receptor systems to be postulated in explanation of 
differential responses to the light rays of the visible spectrum. 

The term sensation is a psychological word which applies to the 
conscious experience resulting from stimulation of the receptors under 
certain conditions. It has been suggested by physicists who are 
interested in colour vision that the psychologists have often confused 
sensation and stimulus, or perhaps even sensation and receptor 
system. Considering the amount of time which psycho-physicists 
have devoted to these particular distinctions during the last century, 
this suggestion is difficult to credit. It may be, however, that the 
psychologist seems to the physicist too anxious that the sensation 
should have adequate treatment. For example, a theory of stimuli 
and receptor systems which does violence to a major fact of sensory 
experience would seem to him scientifically inadequate. 

The term response is often applied to the activities of the receptor 
systems as well as to the excitation of a sensation. ‘Thus we can speak 
of a psycho-physical or psycho-physiological response, but we can 
also speak of behaviour as a response of the organism. The term 
reaction is largely equivalent to response, and is almost as difficult, 
though it is seldom or perhaps never applied to a sensation. 

It will be seen from the present book that the psychologist’s 
perspective is much oriented by an interest in sensations and con- 
scious experiences. He tends to look on the stimulus and receptor 
systems as leading up to them. Thence, of course, they lead also to 
behaviour, which is outside the scope of the present book, though 
speech and other forms of behaviour in the test situation are always 
our guides to the sensory experiences of the person being studied. 
In the same way the physicist’s orientation is mainly towards the 
study of stimuli, and that of the physiologist is towards the examina- 
tion of the receptor systems. All are required in an adequate science, 
but these differences are clearly to be seen in Wright’s and Willmer’s 
delightful books. It is therefore not necessary that any excuse should 
be offered for the psychological orientation of the present work, and 
it is hoped that, after this preliminary comment on the use of the 
terms stimulus, receptor and Sensation, the following discussions will 


be found clear without resort to complexities of language which might 
give the reader unnecessary trouble. 
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HUE AND THE COLOUR “ Circle” 


Most people with good colour vision agree that there is a complete 
“ circle” of hue sensations, which, starting with red, proceeds to 
orange, yellow, yellow-green, green, blue-green, blue, violet, purple, 
magenta, carmine and so back to red. Edridge-Green? is probably 
exceptional in his claim that violet is not nearer in hue to red than is 
blue, but further away, and that the hues form a linear series and not a 
circle. Most observers will agree that violet is slightly more reddish 
than blue, and that the purples, including magenta and carmine, 
continue the series back to red. Indeed, carmine is usually classed as 
red, while there will be differences of opinion whether magenta is to 
be called red or purple, and violet is by many classea as blue. There 
is no gap in this circle from red round to red again for those with 
normal colour vision. For extreme red-green defectives it is generally 
claimed that there are probably two gaps, one in the neighbourhood 
of the greens and the other in that of the purples. Even if these gaps 
exist, they are not sharply defined, and they are occupied by greys 
faintly toned with blue or yellow. Although we use colour names as 
though the hues they designate were distinct entities, there is no 
sharp transition from one hue to another, but they merge evenly into 
each other all round the “ circle ”. They are like the points of the 
compass, and there is no more a definite change from red to yellow, 
for example, than there is from East to North. 

Some people, to the surprise of Houstoun, are able to see indigo, 
a hue between blue and violet. I have always been able to see indigo, 
but both Houstoun? and Edridge-Green® say they cannot see it. 
Houstoun carried out an interesting experiment in which he con- 
vinced himself that it is a real hue to some people. Apart from indigo, 
about which there is some difference of opinion, the colour names 
mentioned above are those in common use and will be employed 
throughout this book. Yellow-green is by some people called lemon, 
and blue-greens are often divided into greenish-blue and blueish- 
green, while by Houstoun, at least, the true intermediate between 
blue and green is called peacock; crimson is a very saturated red 
probably falling between carmine and magenta. 

All the colours from red towards orange and round to violet, 
including the extremes, but excluding the purples, magentas and 
carmines, are found in the spectrum which is formed by splitting 
white light into its component wave-lengths by a prism or diffraction 
grating. The corresponding wave-lengths of the electro-magnetic 
vibrations which form their physical basis are shown in Diagram I. 
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The hues covered by the terms purple, magenta and carmine are not 
found in the spectrum, but are formed by mixing red and violet, red 
and blue, or orange, red, violet and blue, in suitable proportions. 
They are not more complex in appearance than orange, yellow-green 
or blue-green, which correspond to unique light rays. Purple, 
magenta and carmine bridge the gap between violet and red with as 
much smoothness, from the point of view of sensation, as orange 


GOLDEN-YELLOW yELLOW 
739 5671 


ORANGE 
6077 


GREEN-YELLOW 
5636 


YELLOW- 
gR GREEN 
5400 
GREEN 
CARMINE 5200 
BLUE- 
MAGENTA GREEN 
4921 
PURPLE 
GREEN-BLUE 
4897 
INDIGO BLUE 
4645 4821 


Diagram I. The “ Colour Circle ” showing complementary Hues spaced approxi- 
mately 


bridges the gap between red and -i 
oben 8 d paa, yellow, or blue-green the gaP 
The “ extra-spectral” and other intermediate colour sensations» 
however, are not so simple and elementary in appearance as pure red, 
yellow, green and blue. Orange may be described as reddish yellows 
yellow-green as yellowish-green; blue-green as blueish green, violet 
a reddish blue; _and the purples, magentas and carmines may be 
escribed as blueish reds. Great variety of tones, however, is foun 
among all these colours. The terms red, yellow, Bien and blue, we 
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reserve for special hues, and Drever has shown that there is consider- 
able agreement in the choice of these by people with good colour 
vision. If we tried to describe yellow as yellow-greenish orange, green 
as blue-greenish yellow-green, blue as blue-greenish violet, or red as 
purplish orange, those with good colour vision would laugh, because 
of the unique simplicity of red, yellow, green and blue, which makes 
complex descriptions absurd. In addition, the tendency to exploit 
compound names for simple colours justifies our suspicion of colour 
vision defect. If a person is inclined to use the expression “ reddish- 
green ” for certain yellows he may be suspected of being partly red- 
green blind. On account of their simplicity and our inability to 
regard them as composed in any way of subsidiary or more elementary 
experiences, the four colours red, yellow, green and blue are known as 
psychological primaries. This, however, is quite different from assert- 
ing that they are physiological primaries for a theory of colour vision, 
but this will be discussed later. All these differences of quality, 
which enable us to arrange the colours on the colour “ circle ” from 
red to green and round to red again are differences of hue, but colours 
vary in other ways which will now be described. 


BRIGHTNESS AND SATURATION 


If an object reflects or transmits light we may speak of the inten- 
sity of light energy reflected or transmitted per unit area of the object. 
The intensity of stimulation of the retina, however, will be expressed 
in terms of the amount of light energy falling on it per unit area. 
Brightness is a subjective quality, and varies not only with the inten- 
sity of stimulation but also with the sensitivity of the individual and 
with the wave-length of the light rays which stimulate the retina. In 
general, brightness increases from red towards the middle of the spec- 
trum and then decreases again towards violet. In daylight adaptation 
yellow-green will be the brightest hue; in dark adaptation greenish 
yellow will be brightest. This is known as the Purkinje phenomenon,® 
and is the result of the change from cone to rod vision, according to the 
Duplicity Theory. Variations of the brightnesses of different hues 
for large numbers of individuals in daylight vision will be discussed 
in more detail later, and certain conclusions will be drawn from their 
measurement. Many people use the term intensity for brightness, 
and reserve the term brightness for what is correctly called saturation, 
The Colour Group want to replace the term brightness by luminosity. 6 
In colour vision tests it is usually necessary to follow the subject’s own 
terminology even if the tester considers it erroneous. 
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Colour sensations held constant in brightness and hue may vary 
in saturation, a technical term for what might be called “ colourful- 
ness ”. Some writers have called it brilliance, but this term is 
unfortunately confused too easily with brightness and is better 
avoided. A very full red or any other hue may be reduced in satura- 
tion by gradual replacement with grey, white or black. Its hue 
remains unchanged, and, if the colour is diluted with grey of exactly 
equal brightness for the observer in question, it will not change in 
brightness, but will become less and less saturated and end by being 
so dilute or desaturated that it is indistinguishable from the grey of 
equal brightness with which it is being diluted. If this experiment is 
done carefully, we can at this point cut off the grey light and show 
that some of the original hue still remains, though when mixed with 
the grey it is completely masked. If diluted with a dark grey or with 
black, a colour becomes less saturated and darkened at the same time} 
if with a lighter grey or white, it is desaturated and brightened at the 
same time. Saturation is much more rapidly reduced by dilution with 
white than with black. Often we use special terms for characteristic 
desaturated colours : orange diluted with black is called brown; red 
diluted with white is called pink, but many pinks are diluted magenta 
rather than red, and this is a matter of some interest to the colour 
vision tester, because it is characteristic of certain types of red-green 
blind persons to confuse pink with pale blue. Although very desatura- 
ted hues are generally called grey, strictly speaking the term grey iS 


applicable only where hue is totally absent, and that usage will be 
followed here. 


CoMPLEMENTARY COLOURS 


The rays of the visible spectrum of normal daylight are the com- 
ponents of white light, and if any section or sections of the spectrum 
are removed, then the remainder is complementary to them, becausé 
taken together again they would form white light. There is no sense 
in which one group of stimuli can be said to be complementary t° 
another except in relation to vision. They are complementary only 
because they excite receptor processes as a result of which, in combina 
tion, the sensory differences of hue which would arise if they were 
taken separately, are eliminated. For instance, if the blue and violet 
rays are removed, then that group will excite blue and the remainde* 
yellow sensations, but these two sections, blue and yellow, take” 


eens will again be white. The explanation of the artist’s metho 
fe) m King green by mixing blue and yellow will be given later. 
€ principle of complementaries will work in a narrower sens 
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For any wave length we may find another which, when mixed with it 
in appropriate proportions, can excite a grey or white sensation. 
We can use a mixture of rays corresponding to an extra-spectral hue, 
such as magenta, as one of the units in such an experiment. Then, of 
course, there will be three groups of wave lengths involved, but only 
two hues. Though this is really an example of three colour mixing, 
to be discussed later, it is usefully mentioned at this point. 

The colour circle is usually arranged so that complementary hues 
are opposite to each other. Thus in Diagram I spectrum red is 
complementary to blue-green, orange to greenish blue, yellow to blue, 
greenish-yellow to violet, yellow-green to purple or magenta and 
green to carmine, (see Table 1). Spectrum red is not complementary 
to green, but yellow and blue are exactly complementary. A carmine 
which is complementary to pure green can be made by adding violet 
to spectrum red, and this carmine sensation is a purer red and a better 
psychological primary than the spectrum red often chosen. 


TABLE I 


COLOURS, COMPLEMENTARIES AND WAVE LENGTHS 


- 
Wave length in | Comple- | Wave length in Ratio of 
Colour |Angstrom Units) mentary |Ångstromunits| Wavelengths 
Red ` 6562 | Blue- | 4921 1:334: 1I 
Green | | 
Orange 6077 Blue 8 1'240: I 
Gat 7 | 4897 | 4 
Yellow 5853 Blue 48 1'206: 1 
Gold- j i 
Yellow 5739 Blue | 4821 1190:12 
Yellow 5671 Indigo 4645 12220) sal 
Yellow 5644 | Indigo 4618 1-222: 1 
Greenish- | | 
Yellow 5636 Violet 4330 1°301:1 


Table 1, showing certain colours with their wave lengths and 

_ compleméntaries, is quoted by Edridge-Green® after Helmhoitz, and 

it shows not only the complementaries, but the wave lengths to which 

he attributed certain colour names, and the ratios of the wave lengths 

of these colours and their complementaries. These ratios are always 
in the neighbourhood of 1.2 to 1. 
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Wave LENGTHS oF SPECTRAL COLOURS 


A simple laboratory experiment may be carried out for determin- 
ing the central wave length to which a given colour name is applied by 
any individual tested, and the limits within which that name is 
applicable by him. The subject observes the spectrum of white light 
through the eye-piece of a spectrometer, and, starting at the extreme 
red (or violet) end, he reports the colour he sees to the experimenter, 
who records his observations, noting the wave length corresponding 
to each statement, and moving the spectrum slowly round until the 
other end is reached. Edridge-Green used the spectrometer as his 
principal apparatus for studying colour vision. He says that it is 
better to start in the middle of the spectrum and work out towards 
the extremes. No doubt both techniques should be combined for a 
satisfactory experiment, and several repetitions will enable the 
experimenter to find the mean point of change from each hue to the 
next and to work out the mid-points of the hues for the subject in 
question. s 

Table 2 shows the central wave lengths in Angstrom units for 
the eight most commonly named colours, measured on eight subjects 
who were experienced in colour vision experiments. Subject 3 in 
this experiment was “ green anomalous ”, having a form of red-green 
defect which will be fully explained later in the book. This defect, 
though clear and consistent in tests which will be described later, 
does not show at all clearly in the spectrometer experiment. His 
only marked peculiarity here was his failure to mention the presence 
of blue-green. This subject would almost certainly be failed in a 


TABLE 2 


CENTRAL WAVE LENGTHS OF COLOURS FOR EIGHT EXPERIENCED SUBJECTS 


Subject’s numbers and 
Central Wave Lengths in Angstrom Units Variation 

Colours 

Observed I 2 3 4 5 6 a 8 Limits Range 
Red , - -| 6600 6600 6500 6500 6600 6600 6600 6600 6600—6500 | 100 
Orange -|6250 6180 6140 6000 6230 6010 6060 6120 6250—6000 250 
Yellow -| 6050 5940 5710 5660 5890 — 5930 5890 6050—5710 340 
Y-Gr. +| 5870 5870 5560 5100 5800 — 5810 5700| 5870—5100 770 
Green -|5650 5200 5390 5000 5650 5760 5670 5530 5780—5000 | 780 
B-Gr... | 5000 5060 — 4900 5060 5200 4870 5180| 4870—5200 670 
Blue .. ..| 4670 4880 4800 4800 4850 4950 4740 4940 4950—4670 | 280 
Violet .. -|4530 4680 4300 4300 4780 4420 4540 4420 4780—4300 480 


— rr 


—! 
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serious clinical test of red-green vision, but the spectrometer does 
not reveal his essential weakness. This shows that it cannot be used 
as a universal method of detecting colour vision weaknesses, as 
Edridge-Green hoped. Subject 6, who failed to name yellow and 
yellow-green, proved in other tests to have a decided weakness in 
yellow-blue vision, for him affecting yellow more than blue. For the 
other six subjects there is moderately good agreement. The ranges 
within which these central points vary for the eight subjects are 
shown in the last column. The order of variability of the colours is 
red (least), orange, blue, yellow, violet, blue-green, yellow-green 
and green (most), for this group of subjects. If there is any general 
tendency shown by this variability it is that the colours at the extremes 
of the spectrum are least and the colours in the centre of the spectrum 
are most variable. This experiment is much too dependent on 
colour naming to be used as an accurate method of assessing indivi- 
dual differences in colour vision. If it must be used, however, the 
experimenter must not on any account volunteer the name of any 
colour which he may think the subject has overlooked, or say the name 
of the colour with which he is working or correct the subject in any 
way whatever about the use of names. 


Cotour MIXTURES 


When two complementary colours are mixed, there is complete 
loss of saturation: the result is a colourless sensation of brightness 
intermediate between the two original hues. When two colours which 
are not complementary are mixed an intermediate hue on the colour 
circle is produced with loss of saturation roughly proportional to the 
distance apart of the original hues on the colour circle. Brightness 
is again intermediate. Red and green when mixed form a desaturated 
yellow, but the loss of saturation is only moderate when we compare 
the mixture with spectrum yellow which is already a weakly saturated 
hue. The very saturated yellows of daily life are usually produced by 
mixtures of red, orange, yellow-green and green rays all added to 
yellow itself. Yellow-green and blue-green when mixed form a 
rather desaturated green, and in the same way blue-green can be 
matched with a mixture of blue and green, though again with loss of 
saturation, and violet can be matched by adding red to blue. In this 
way any hue, whether one of the familiar primaries, red, yellow, green, 
and blue, or not, may be imitated, but always with loss of saturation. 
Since two colours may be found which are complementary, and since 
either of them can be imitated with two other colours mixed, three 
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colours may be found such that one of them is complementary to the 
other two. This may be done whether we start with one of the primar- 
ies or not, and it is the basis of the famous theories of three-colour 
mixing which led to the Young-Helmholtz or three-colour theory of 
colour vision. If we take three stimuli, such as a slightly orange red, 
a slightly yellowish green and a slightly violet blue, all colours in the 
circle may be imitated in hue by appropriate mixtures of them, but not 
completely in saturation. 

Many brilliant experiments, such as those by Maxwell, Kénig 
and Dieterici, Abney, Houstoun and Dow,’ Wright and Guild, have 
been carried out to test the hypothesis that all colours may be matched 
perfectly both in saturation and in hue by mixtures of three stimuli, 
and extremely accurate measurements of the mixtures required have 
been made. Houstoun, however, points out what is also admitted by 
Abney,® and discussed at length by Wright,®2 that in the strictest 
terms it is open to doubt whether these experiments have succeeded. 
It is always possible, of course, as Abney supposes, that the difficul- 
ties are due to inadvertent faults of technique an 
larly the entry of stray white light. Considering the immense care 


P Blue-green = Y Green + Z Blue — X Red 
Also we shall have :— 


Q Yelow = X’Red + Y'Green — Z 'Blue 
and :— 


R Violet = Z"Blue + XRed — Y”Green 
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Not only “ minus ” red, but also “ minus ” green and “ minus ” blue 
stimuli are required in small quantities in matching appropriate 
parts of the spectrum. The process looks rather like balancing bank 
accounts by introducing negative investments. The negative balance 
of any primary stimulus required in a colour match, however, is 
simply a measurement of the extent to which the other two when 
mixed fail to reach the saturation of the colour to be matched. 

Wright® has pointed out, in an extremely interesting discussion 
of this subject, that there is no difficulty in selecting a set of primary 
or “reference ” stimuli which will yield all-positive versions of the 
tricolour equations in which the negative values appeared. It is 
merely a question of employing appropriate algebra. In doing this, 
however, we are forced to utilise reference stimuli which have no 
physical existence. This has been pointed out by other writers, such 
as Houstoun, and it is one of the things to which Drever has taken 
exception.* Wright explains, however, that it can be understood as 
meaning that no physical radiation is capable of stimulating one of the 
receptor systems without causing activity in the others. “ We can 
imagine,” he says, “ that each of the receptor systems acting alone 
would give rise to a sensation more saturated than any which we 
normally experience under ordinary conditions of observation.” 
This is the effect of the over-lapping of the receptor systems. 

In consequence of these researches it must be understood that the 
colour triangle used to represent colour mixing by the earlier writers, 
and constantly employed in lectures and demonstrations, does not 
represent the facts. The sides of the triangle must be allowed to bulge 
out in one direction or another, unless, as Houstoun explains, we 
employ primary stimuli which are not located on the triangle them- 
selves—these are the “ imaginary ” colours mentioned by Drever, 
which exist only in the algebra of the colour triangle and not in real 
experience. If we keep to real rather than to imaginary reference 
stimuli, however, the “ triangle ” given by most workers bulges out 
heavily on the blue-green side, but by a selection of reference stimuli 
more closely corresponding to the unanalysable primary colour 
sensations, it might be made to bulge out on the yellow side instead. 
Then it would tend to the form of a quadrilateral figure with 
prominent angles for red, green and blue stimuli, and a less prominent 
angle for yellow. This relative weighting will be found to accord with 
the evidence to be given later, that a yellow primary is required, but 
is of relatively less importance than those for red and green. In 
fact, to anticipate for a moment, it would appear that normal colour 


vision is mainly controlled by the red-green system, and the yellow- 
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blue system plays a subsidiary part, whereas in the colour vision of 
major red-green defectives the red-green system is so much reduced 
in efficiency that it becomes of less importance than the yellow-blue 
system. This is why they seem to be dichromatic. 

To return for a moment to the primary sensations of Special 
interest to the psychologist, he would like to see simplicity of sensa- 
tion made to correspond as far as possible with simplicity of receptor- 
system, especially in colour vision, in which the simplicity of certain 
sensations is sharply contrasted with the complexity of others. It 
seems impossible that this could be done on the trichromatic theory, 
but, if the theory were perfectly satisfactory in other ways, the 
requirement that simple. receptor systems should correspond to 
simple sensations might be one which we should be forced to 
relinquish. 

Drever! has drawn attention to the difficulties of tricolour 
schemes, and has suggested that every attempt at a three-colour 
theory has tacitly assumed the equivalent of four primaries. We may 
look on the problem in another way. Minus red, for example, is not 
red at all, it is blue-green. Minus blue is yellow and minus green 
ish green primary employed. 
Blue-green, yellow and violet do not appear among the most favoured 
tricolour primaries, which are slightly orange red, yellowish green 
and violet-blue. The experiment in which minus red, green and blue 
appear therefore strongly suggests not three but six colour mixing, 
because we appear to be manipulating six possible receptor systems : 
red, yellow, green, blue-green, blue and violet. Indeed, if violet is 
not complementary to the yellowish green primary, then an additional 
process will be implied which corresponds to the use of a seventh 
primary which is redder than the orange-red of tricolour mixing, and 
we shall possibly have ted, orange, yellow, green, blue-green, blue 
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some red must be superimposed on the blue-green to be matched 
before a satisfactory equation is obtained. Since all colours are 
produced by combinations of fundamental sensations in appropriate 
proportions, however, this means that “an impulse for a colour 
sensation of whatever quality releases to some extent an inhibition for 
the complementary colour within the same area”.11 In order to 
show that blue-green has more inhibiting effect on red than blue and 
green mixed, we must grant it a special negative function. This 
principle must be extended to the other receptor systems. The red 
receptor now becomes a negative receptor for blue-green, the blue 
a negative receptor for yellow and the green for violet. This detracts 
considerably from the.simplicity of the trichromatic theory, which was 
a valuable feature, and even suggests the balanced systems of receptor 
function in the Hering theory, while the number of processes involved 
might now be too many rather than too few. 

If we do not allow the assumption that each primary function may 
have the capacity of “ negative ” reception for the pure or homo- 
geneous rays of its complementary colour, then it is difficult to see 
how the concept of inhibition can help us at all. The mixture of 
blue and green, as Göthlin points out, would excite the same receptor 
systems as the homogeneous blue-green rays, and any negative 
response tending to desaturate the sensation produced by the mixture 
would affect the other sensation in exactly the same way. Unless the 
loss of saturation can be regarded as due to the tendency of each 
stimulus to excite all receptors, therefore, it must be due to a fourth 
primary which is not being represented in the tricolour equations 
except as a distribution of negatives. Once again, if we re-arrange 
the primary stimuli to correspond more nearly with the primaries of - 
sense experience, namely, red, green and blue, instead of a slightly 
orange red, yellowish green and violet-blue, then the negative quanti- 
ties will collect in the direction of minus blue, which is yellow, and 
would be a fourth primary. 

Four-colour matching experiments have never been done so 
carefully as three-colour experiments, if at all, but it is an important 
possibility that they might support a four-colour theory more 
efficiently than the existing experiments support a three-colour 
theory. The use of negative colour-stimuli might be avoided, and 
minus blue could be called by its real name viz. yellow. It would be 
worth while, therefore, to perform these experiments with as much 
care as has been lavished on the tricolour work, to find out whether all 
colours could be matched in saturation as well as in hue with four 
Primary stimuli. If the negatives could not be eliminated even then, 
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we might be forced to think of five primaries or even more.1? From a 
scientific point of view it would be very much worth while to know 
how many primary stimuli were required by subjects of normal and 
various kinds of defective colour vision, in order that the negatives 
should be eliminated. 


Primary COLOURS 


Now it will be necessary to review the subject of primary colours 
more carefully. Such colours may be defined “ physiologically ”, 
as those which change least in hue in peripheral as compared with 
central vision, and in different degrees of intensity; they may be 
defined psychologically, as those which are unanalysable, pure or 
simple in sense experience; or they may be defined as those physical 
stimuli which are most successful in colour mixing to form all 
intermediate hues. Table 3, compiled partly. from Drever, Hous- 
toun,* Wright,®? Göthlin, and from the Ilford!4 and Wratten! 
Colour Filter Booklets, shows the relationships between these different 
groups of primaries. It includes the Ilford and Wratten standard 
monochromatic filters. The physiologically stable red is not in 
the spectrum, but it is represented by five experimenters as com- 
plementary to 4940, which is very close to the green primaries of most 
observers. The psychologically pure red is not far from the primary 
red of tricolour mixing experiments. These reds are faintly orange, 
however, and the physiologically stable red is no doubt a psychologic- 
ally purer primary than the spectrum red of about 6500 usually 
chosen. The physiologically stable greens tend to be less yellowish 
than the tricolour green primaries, and so do the psychologically pure 
greens of Drever and Pickford. The mean for eight subjects, 5481, 
however, is nearer to the tricolour greens. This mean reading, 
however, is not to be regarded as a better estimate merely because it is 
an average for eight subjects. These subjects were experienced, 
but not so expert as the workers who chose a green of the order of 
‘5050 as purest or most stable. In addition, it was known that at 
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TABLE 3 
Wave LENGTHS OF Primary COLOURS 


Angstrom Units 
Class Authority 1 
y Red Yellow | Green | Blue 
Physio- König Comple- — 5050 4700 
logically | mentary 
Stable to 4940 | 
Exner Same = 5080 4750 
Goldmann Same | 5750 | 5050 4680 
Schubert | Same | 5750 5030 4680 
Hess Same 5745 4950 | 4710 
| Baird (Mean) Same 5690 4915 4610 
Psycho- | Drever (Subj. 1) 6500 5620 5050 4720 
logically Drever (Subj. 2) 6500 5690 5120 4720 
Pure Pickford 6500 5660 5000 4800 
Pickford | | 
(Mean for 8 | i 
subjects) 6575 | 5867 5421 4829 
Used in | Maxwell 6300 = 5280 4570 
Tricol. ; Wright 6500 — 5300 4600 
Expts. | Guild Jooo | — 5461 4358 
| Houstoun End to — 6500— 5400 to 
5800 4800 End 
Ilford : 
Colour Tricol. End to 6100- 5100 
Filters 6100 4800 3700 
Monochr. End to 6100— 5450— 5200— 
6250 5600 5000 4450 
Wratten : 
Tricol. End to = 6500— 5400 
5800 4800 to End 
Monochr. End to = 5700— i 
6500 | 5100 


nor blue, but has yellow-green and violet-blue instead. Its green is 
too yellowish. 

On the whole, therefore, we may say that there is agreement that 
the most stable and the purest primaries are: red complementary 
to 4940; yellow, about 5700; green, about 5050; blue, about 4750. 
It is therefore not unlikely that exactly complementary pairs could be 
chosen, if we are allowed a slightly carmine sensation as a primary 
red. With four stimuli the requirements of matching all colours in 
both hue and saturation by appropriate mixtures would probably be 
satisfied better than it is with the three usually chosen for that pur- 
pose. The psychologically pure red sensation would, however, 
always be represented on the stimulus side by a mixture of some blue 
with the red light rays. 


B 
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MONOCHROMATIC AND POLYCHROMATIC CoLours 


The colour sensations in everyday life, with the exception of 
spectrum colours, as in the rainbow, for example, are not simple in 
physical basis, but are excited by groups of wave lengths or bands of 
spectral colours mixed together. Thus ordinary saturated yellows 
usually consist of as much red, orange and green as of yellow, while 
pure spectrum yellow, which is not mixed in this way, is much less 
saturated. Greens usually contain yellow, yellow-green, blue-green 
and even a distinct band of red as well as green itself. 

If a colour contains hues mixed in the way described, it is poly- 
chromatic, If it contains only a single narrow band of wave lengths, 
so narrow that no difference in hue can be detected in passing from 
one side of the band to the other when it is seen in a spectrometer, then 
it is monochromatic. In the construction of monochromatic colour 
filters, which are in common use for colour vision experiments, a 
certain amount of liberty is allowed. A filter which complied rigidly 
with the criterion given above would necessarily cut down the inci- 
dent light very severely and transmit only a very small fraction of it. 
Such a filter would be very dim, unless illuminated from an extremely 
intense light-source. In Practice these filters are made to transmit a 
small amount of the neighbouring rays, which is little enough to make 
no significant difference to their essentially monochromatic quality. 
The coloured papers commonly used in psychological laboratory 


experiments, like the majority of colour filters, are not in the least 
degree monochromatic, 


what they are—but, without Spectroscopic analysis we do not know 
a 
that they are monochromatic’ Many polychromatic colours also 
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colour has been withdrawn because each of its components is fully 
desaturated. The addition of a small amount of any colour to this 
mixture will then tilt the balance in the direction of the colour added. 
The subtraction of a small amount will tilt the balance away from the 
colour subtracted. If red be added to white (or grey or black) it will 
become faintly pink; if red be withdrawn it will become faintly 
blue-green. 


PIGMENTS, DYES AND FILTERS 


Opaque objects may reflect light rays of various wave lengths in 
the proportions in which they are incident in white light. Then the 
objects will be white. If, however, they reflect some of the rays more 
freely than others, they will be coloured accordingly. Objects not 
Opaque, similarly, may transmit the light rays in the proportions in 
which they are incident in white light, when the objects will be white 
if translucent, or colourless if transparent. When, however, the 
transparent or translucent object changes the proportion of the 
incident wave lengths in transmitting them, it will be coloured 
accordingly, and is a colour filter, because it filters out certain colours, 

Pigments are made of finely divided opaque, transparent or 
translucent substances, held in suspension in a medium and forming 
a coloured surface which adheres to the object in question. Dyes 
are substances which are held in solution in a transparent medium 
and act as colour filters; or they may saturate the substance coloured 
and filter the light reflected from its surface layers. Paints in com- 
mon use may be chiefly reflecting, like gold and silver or aluminium 
paint; they may be suspensions of transparent particles, or they may 
be transparent solutions which dry and form layers of surface colour 
filter. Light reflected from the surface may be filtered in passing 
through the paint; and/or light may be coloured by reflection from 
the suspended particles. A substance may have one colour when it 
reflects and another when it transmits light, like gold leaf, which is 
yellow by reflected and red by transmitted light. 

In the mechanics of colour mixing there are many complexities, 
some of which are worth attention here because colour mixing is of 
great importance in the experiments to be described in later chapters. 
If we place one or more colour filters together, their combined effect 
will be subtractive : only those rays will pass which are transmitted 
by both or all of the filters. Thus if we take two filters whose trans- 
mission bands overlap widely, like a polychromatic yellow and blue, 
the remainder transmitted by both will be green. The green is not 
a mixture of yellow and blue, but is simply the colour which Passes 
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both filters. This is, in general, the way paint-mixing works. 
Paints act chiefly as colour filters for the light which is incident, and 
is reflected, either by the white paper beneath, if they are water 
colours, or by the white reflecting particles incorporated in the med- 
ium in the form of Chinese white, if they are oil colours. There must 
be green in the yellow and blue if it is to be left over when they are 
mixed. In mixing opaque pigments and in combining finely divided 
reflecting surfaces to mix colours, of course, the effect is additive, 
not subtractive, and the actual combination takes place in the eye 
according to the laws of colour mixing. Here again, a green may be 
produced by mixing yellow and blue, but it will be desaturated with 
the grey produced by the blue and yellow as complementaries, which, 
in this case, are not filtered out. Combined filters of complementary 
colours and of other colours whose transmission bands do not 
overlap, will be black because taken together they are opaque. A 
mixture of finely divided reflecting surfaces which are of complement- 
ary colours, or which are white and black, will forma grey in combina- 
tion. 

In colour mixing experiments we have to consider what combina- 
tion of light rays will be brought together upon the same retinal 
area, and to adapt the apparatus accordingly. The ty 


wo common 
methods of colour mixing are : (a) by rotating disks or prisms which 
throw colours upon the same 


retinal area so quickly in succession 
that a fused effect is produced; (b) by means of lenses, prisms or 
mirrors, which throw separate beams of light upon the same retinal 


area at the same time. Both the lens and the rotating disk methods have 
been used in the experiments to be described in the following 
chapters, but chiefly the method with lenses. 

It is perhaps worth mentioning the use of negative colour names 
by manufacturers of colour filters. A “ minus” red, green or blue 
colour filter is one which transmits all rays except those which 
make up red, green or blue, as the case may be, and is, accordingly, 
complementary to those which it excludes, Thus a “ minus ” red 


filter is simply one which is opaque to rays making up red, and 
similarly for the others. 


MIXING POLYCHROMATIC CoLouRs 
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of the trichromatic theory. It is therefore worth considering why 
they do not in fact give it any support whatever. 

In these processes the “ primaries ” employed transmit or reflect 
wide bands of wave-lengths which divide up the spectrum between 
them. This is clearly seen, for instance, in the “ Colorscope ”, an 
instrument recently produced in America, in which varying inten- 
sities of illumination of three lamps, a red, a green and a violet-blue, 
are manipulated to make a mixture which matches a white light. 
This is a most valuable and instructive apparatus, but it does not 
prove the trichromatic theory. It merely proves that white light may be 
made by mixing all kinds of light rays in the required proportions. 
Another set of lamps, namely, orange, blue-green and violet, could 
be made which would work equally well. It is not necessary to have 
three lamps. A suitably constructed pair of lamps would be perfectly 
satisfactory. All that is then required is that they should be comple- 
mentary. It is not even necessary that they should produce, between 
them, all the light rays of the spectrum—this will be evident from 
what has been said before about complementary colours. It is not 
clear to everybody that a white light may be made which is grossly 
lacking in certain components of the spectrum. This is the reason 
why certain types of fluorescent white lighting are completely useless 
for picture galleries and shop lighting when colours have to be 
appreciated, chosen and matched. 

In colour mixing with polychromatic primaries, however, it is 
not necessary that our experiments should be limited to three colours. 
White light can be matched with four, five, six or any number of 
primaries, Where polychromatic lights are used three is. neither the 
smallest nor necessarily the best number to employ. The implication 
of this for colour printing and photography is obvious. A three-colour 
process is more efficient than a two-colour process, but the more 
colours we add the better the result until we reach a limit of practi- 
cability. Three, however, is the smallest number which is likely 
to give a result which is not too crude by a process which is not too 
difficult. 

_ _ One further thought on this subject will occur to the reader, and 
it is the question why in making colour matches with polychromatic 
Primaries we do not need the negatives discussed in a previous 
paragraph. For instance, by the method of the colour-wheel we may 
combine the light reflected by a blue and a green paper and match a 
blue-green without superimposing red upon it. The reason for this 
is that the negative red stimulus is already present by implication, 
A Spectroscopic examination of the polychromatic coloured papers 
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will reveal either that the blue-green paper reflects enough red light 
to be sufficiently desaturated to be matched by the others, and/or that 
the blue and the green papers between them reflect enough blue- 
green rays to be sufficiently saturated to match the blue-green paper. 


The same general principle applies for other polychromatic mix- 
tures. 


AFTER SENSATIONS AND CONTRAST EFFECTS 


When part of the retina is stimulated for some time with a given 
patch of colour an effect is produced which takes the form of a slight 
reduction of brightness and saturation of the colour while fixated, 
and, when the stimulus is removed, a coloured after-sensation 
exactly corresponding to the area of the retina stimulated. This 
after-sensation is in the complementary colour of the stimulus, and 
gradually fades with characteristic fluctuations. In the same way a 
dark after-sensation is produced by a bright stimulus and a bright 
after-sensation by a dark stimulus. These after-sensations have an 
important bearing on theories of colour vision. They have been 
explained as contrasteffects, as the result of fatigue of retinal processes, 
as spontaneous readjustments of retinal functions towards the resting 
condition after stimulation, and they might be produced in other 
ways of which we know nothing. They are complementary in colour 
to the original, and they start forming from the very moment of 
fixation, because the loss of saturation and brightness represents the 
sensation already being formed. 
increases the longer the fixation of 
ter-sensation is the same colour 
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contrast and become perceptible, since the darker then seems to change 
towards the complementary of the brighter patch. Simultaneous 
contrast also takes place between two coloured patches. A colour 
always looks specially saturated when set close to its complementary, 
and this effect is increased if the dividing line is blurred. The effect 
is also found when a dark patch is set beside a bright patch, the dark 
becoming darker and the bright one brighter by simultaneous contrast. 
All such contrasts are systematically exploited by artists to obtain 
enhanced saturation, darkness or brightness. 

The formation of what will subsequently form a negative after- 
sensation decreases the saturation of any coloured object, such as 
a picture, if fixated steadily. Therefore frequent changes of the fixa- 
tion point will tend to enhance its brilliance. At the same time this 
brilliance is also enhanced by the presence in close proximity of patches 
or spots of complementary colours. The pointillist painters attempted 
to imitate the brilliance of light by using spots of complementary 
colours so closely juxtaposed that we tend to see a combined effect 
in many instances, rather than a mass of dots. The brilliance they 
produced in this way was due to their unintentional exploitation of 
simultaneous contrasts between all the numerous spots of colour. 
In addition, they gave the observer a great number of closely placed 
alternative fixation points, movement from any one of which almost 
imperceptibly to its neighbour would change the “ mosaic ” of colour 
stimuli over the whole area of the retina on which the picture was 
projected. In this way loss of saturation owing to continued fixation 
of the same hue was largely overcome. The speckled effect of 
pointillist paintings is therefore often specially brilliant and luminous, 
although the pointillist technique does not in the least degree imitate 
the true nature of light. 


Brack, WHITE AND GREY 


The extremes of white and black are joined by a series of neutral 
greys which may be called colourless tones or hueless colours, 
according to the terminology we prefer. The greys in use in everyday 
life are often simply near-greys and have in fact some hue, though 
very slight, but, strictly speaking, the term grey is applicable only 
when there is no perceptible hue whatever. White is produced by 
mixture of all the colours in the spectrum in the proportions found 
in daylight, but it is not in any sense in possession of hue itself. 
White may be called a colour, but it cannot by any stretch of imagina- 
tion be described as a reddish-orangeish-yellowish-greenish-blueish- 
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indigoish-violet. It is distinct, unique and unanalysable. It is not the 
negation of hue in experience, but is positively white. Similarly, 
though greys can be made by desaturating colours with the necessary 
amounts of their complementaries, grey is lacking in hue itself. 
Grey is not, for example, a reddish-peacock, a greenish-carmine or a 
blueish-yellow. By looking at a grey we cannot tell without spectro- 
scopic analysis out of what mixture of complementaries it was formed. 
Black is also a quality of unique and positive character, though it has 
no hue, and, although many people think black is just the absence of 
light stimulation, real black can be produced only under special 
conditions, as when visual stimulation is suddenly cut off, or by 
sharp simultaneous cortrast, or when we look into the shadowed 
entrance of a deep box lined with a totally non-reflecting surface, 
such as black velvet. White cannot be called a brilliant black, nor 
can black be called an absolutely dark white; but greys can, in general, 
be called whitish-blacks or blackish-whites, just as orange can be 
called a reddish-yellow. Consequently it is necessary to think of 
white and black as primary qualities of sense experience, whilé 
greys must be regarded as intermediates between them. 


ABNORMALITIES OF COLOUR VISION 


Like every other human psychological and physical condition, 
ability, trait or feature, colour vision is subject to variation from one 
person to another. In general, variations of human characteristics 
and abilities tend to be normally distributed; that is to say, if a 
very large number of individuals are measured for a given character- 
istic, there are many intermediates and few extremes, and the graph 
of this distribution forms a smooth and bell-shaped curve having 

ain be discussed here. 
Variations of a characteristic which fall within the limits of such a 
normal curve can be called normal variations, though some of them 
ntion as being very 
limits of the curve 


variations of a given characteristic, we speak of 
lation, and this is the condition found in human 
ich will be dealt with in detail later. 

ive examples of abnormal colour vision may now be 
ere are several forms of the defect called red-green blindness. 


discontinuous var 
colour vision, whi 


Some illustrat 
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An educated man, for instance, has what he calls a difficulty 
in naming certain colours. He thinks he has failed to learn to use 
the names red and green correctly. All his friends know that he is 
frequently unable to find a red golf tee when it is lying in the green 
grass. Yellow and blue tees are always perfectly clear to him. He 
buys a brown suit of clothes under the impression that it is green, but 
attributes his mistake to bad lighting in the shop; nevertheless, he 
is confused over his suitcase in a railway station and finds himself at 
home with a green one belonging to another man, under the impres- 
sion.that it is his own brown case. > 

If we make this man submit to carefully planned colour discrimin- 
ation tests, in which he first matches the colours to be distinguished 
for brightness, so that there is no possibility of his guessing that a 
brightness difference implies what he knows another person would 
call a colour difference, and, if in testing him we rigidly avoid the use 
of names of colours, and do not betray by a smile or gesture any 
mistake which he may make, then he is found to be quite unable to 
distinguish red, yellow and green, although the colours we call red 
he regards as slightly more saturated than the other two which are 
nevertheless of the same hue to him. Yellows and blues he can 
distinguish readily, but he is not good at separating desaturated 
yellows or desaturated blues from greys of exactly their own bright- 
ness. Purples, violets and blues he calls uniformly blue, without 
discrimination of hue, though violet and purple are less saturated 
for him than blue. This is an extreme form of red-green blindness, 
with added weakness in yellow and blue. 

Another man congratulates a lady friend on having had her old 
Coat dyed such a fine black. “She is indignant: it is neither old nor 
black, but is new and crimson. Ina quiet conversation, after all his 
anxieties and defences have been laid aside, and after he has made 
friends with the tester, this man admits that black would be quite a 
good term to apply to the colour of ordinary pillar-boxes, though of 
Course, he always agrees with everybody else that they are really red. 
When systematically tested, with all the necessary precautions in the 
avoidance of the use of colour names and in minimising brightness 
differences, he was sometimes able to distinguish dark grey from an 
equally dark red, but with considerable difficulty. He was unable to 
distinguish either red or green from yellow of equal brightness, but, 
if the brightness was not controlled, he was able to distinguish them 
easily because for him yellows are bright, greens dimmer and reds 
very dark. He has no weakness whatever in distinguishing yellows 
and blues from greys of equal brightness, but all purples and violets 


B* 


24 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


he calls blue indiscriminately. This man has an extreme form of red- 
green blindness in which the reds are greatly darkened, but he has 
no yellow or blue weakness. 

A third subject was not aware of any difficulty with colours until 
he failed in a test for the R.A.F. In this test he once mistook fawn 
for green, and was very annoyed at being rejected. In the laboratory 
he spent five minutes trying to make quite sure that a green and a 
fawn skein of wool were not the same colour. Losing patience a 
little, I asked him what his difficulty might be, but he replied that he 
had no difficulty and was merely trying to be very exact. I explained 
to him that if in five minutes he had been trying to be very exact over 
the colour of a green signal at night in a fog, he might have crashed 
his aircraft into a hangar and killed a number of people. He does 
not believe that he is colour blind, but has a marked difficulty in 
distinguishing reds and greens from each other and from yellows, 
when there are no brightness differences, though he has no weakness 
in blues or yellows. This is an example of moderate red-green 
blindness, and this sort of man is liable to call certain fawn or yellow- 
ish colours “ reddish-green ”. He would not be failed in a colour 
vision test with any injustice, however, because his sensitivity to the 
difference between red and green is at least ten times less than that 
of go per cent. of men. 

A fourth subject, a minister in the Church of Scotland, had known 
most of his life that he had a difficulty with greens. He was asked to 
do Edridge-Green’s Beads Test, in which the subject has to pick out 
all the red, green, yellow and blue beads in turn from a selection of 
about 50 beads of varied colour, shape and size. The colours are 
taken in turn, and each bead chosen is placed in a hole with the 
appropriate name printed below it, and through which the bead 
vanishes from view and cannot afterwards be a guide to others chosen. 
The experimenter watches with a poker-face and refuses to answer 
any questions whatever. This subject chose red beads correctly, 
included blue and green indiscriminantly in the green hole, put only 
orange in the yellow hole, and placed both green and blue in the blue 
hole. He left the yellow 
white. In more detailed tests he proved to have a very small red- 
green weakness, hardly b 
have great difficulty in 
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blindness, but cannot do any physiological estimations with a colori- 
meter in which yellows are involved. If he attempts to do such tests 
he makes successive estimations which differ as much as 30% from 
each other. He proved to be weak in blue and very weak in yellow. 
A sixth subject told me that his wife laughed at him for confusing 
orange and red. When tested he proved to have a moderate weakness 
in both blue and yellow, but not in red or green. Violet, purple and 
blue he called uniformly purple. A seventh subject knew of no colour 
difficulty but when`shown a demonstration spectrum she called the 
blue part “ green ” and the violet part “ grey ”. She proved to be 
very weak in blue and slightly weak in yellow, and to have the violet 
end of the spectrum very much darkened. 

A woman was unable to distinguish yellow and white tiddlywinks, 
even after having the difference carefully pointed out to her. She 
did not have difficulty with any other colours than yellow. A very 
common form of colour weakness is often revealed when a person 
insists that certain greenish-blues, often called Eau de Nil, electric 
blue, or Cambridge blue, are really green and not blue. This is in 
my experience an indication of blue-yellow and not of red-green 
weakness. 

We cannot be sure that a person is colour weak or colour blind 
unless strictly scientific tests have been applied. The opinions of 
friends and relatives are always interesting and may be very valuable, 
but must be taken in conjunction with the results of efficient tests, 
In one family where three sisters all proved to be red-green defectives 
with small yellow-blue weaknesses in addition, and in which the father 
and maternal grandfather were known to have been colour blind, the 
brother was suspected of being abnormal, because he had, in their 
opinion, “ an unusual scale of colours”. In scientific tests, however, 
it was found that the sisters were all defective and that the brother 
was quite normal. 


TERMINOLOGY OF COLOUR VISION DEFECTS 


Red-green blindness is the commonest form of major colour 
vision defect and it is to this that the expression colour blindness is 
most generally applicable. There is a small number of persons with 
total colour blindness, who see only greys, black and white, and also 
a small number of people with such a marked weakness in yellow and/ 
or blue that they could be called yellow-blue blind. Objections have 
been raised to the expression colour blindness on two grounds : 
first, blindness is a dangerous word in any context, and is certainly 
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to be avoided when speaking to the patient or subject of a test. It 
is better to use any circumlocution than to say to his face that a person 
has a defect which can be called blindness, even though colour 
blindness has absolutely no relation to real blindness. Second, 
the expression colour blindness is false, because the majority of the 
colour blind have very good colour vision of their own kind, and they 
know it and can say so with appropriate indignation. In spite of these 
objections the expression colour blindness has been generally accepted 
and, for technical discussions, when we are not actually face to face 
with a patient, we might as well fall into line with the general usage. 

Alternatives to the expression colour blindness have been sug- 
gested: the most popular are “ deviant ” and “ anomalous ” colour 
vision. These however, for technical purposes are thoroughly 
unsatisfactory, because the terms anomalous and deviant must be 
reserved for special defects. If not so reserved, other terms would 
have to be substituted, and that again would create further trouble. 
The difficulty over yellow.and blue weaknesses is much less acute, 
because extreme forms of these defects are very rare, Perhaps the 
best terminology would be the use of the expressions red-green 
defective and yellow-blue defective, but not even these would escape 
criticism, and, on the whole it may be better to use the expression 
colour blindness in spite of its difficulties, 

The most popular names for different classes of colour vision 
defectives were established on the assumption of the truth of the 
Young-Helmholtz or three-colour theory, which will be explained 
below. The red-green blind who confused red with dark brown or 
black were called protanopes, on the assumption that for them the 
first primary, red sensitivity, was missing. The red-green defectives 
who confused green and fawn or red without having either green or 
red extremely darkened, were called deuteranopes, on the assumption 
that in them the second primary, green sensitivity, was absent. Since 
there was, on this theory, only one other primary which could be 
lacking, all the defectives who had weaknesses in blue and/or yellow 


were called tritanopes, which meant that they lacked the third kind 
of primary, blue sensitivity. 


This terminology was manifest] 


- 
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for the deuteranopes. These rather difficult words have not met with 
general acceptance. The term tritanope is just as unsatisfactory as 
protanope and deuteranope, because it is not at all clear how absence 
of the blue primary sensitivity can make a man insensitive to yellow 
while blue is unaffected. Yet this form of weakness is commoner than 
the form in which blue is more affected than yellow. The term 
tritanope, however, has been so obviously unsatisfactory that it has 
had little general use, and it may be overlooked: we can simply 
speak of blue-yellow or of blue and of yellow defectives without 
upsetting the technical parlance. 

It has been claimed that there is a condition to be called yellow- 
blue blindness, which is extremely rare, but is parallel in nature to 
red-green blindness. Red and green can be distinguished, but yellow 
and blue are confused and matched with grey. Gates? mentions 
this, and says that the condition is a sex-linked recessive, like red- 
green blindness. In a later chapter an example of this very marked 
yellow-blue defect will be described, but all the evidence available 
here suggests that such cases are the extreme end-points of contin- 
uously distributed variations, and are not sex-linked. 

The classification of individual differences in colour vision to be 
used in this book, with corresponding terminology, cannot be 
explained in detail and justified in this Introduction, because it 
was adopted as a result of the researches to be described, but the 
reader may be helped if it is given in a simple form at this stage, so that 
it can be seen at a glance and referred to when necessary. This 
classification is as follows, and may be compared with that given by 
the Colour Group. 


I. Total Colour Blindness. A rare, partially sex-linked Mendelian 
recessive, 


Il. Acquired Colour Blindness? A variety of defects, resulting from 
nicotine or other drugs, from accidents and psychological causes generally 
of the hysterical type, and from diseases; possibly based on hereditary 
weaknesses in some cases. 


III. Red-Green Major Defects. Totally sex-linked Mendelian recessive 
characters found in about 7 per cent. of men, of which there are six forms:— 
A. Protanopia. Red-green blindness with darkened red (scoteryth- 
rous), generally extreme, sometimes moderate, genetic symbol : p. 
B. Red-Anomalous colour vision. Not colour blindness in the sense 
of confusing red and green, but “ red-different”. In two forms :— 
(a) With red darkened, genetic symbol : r; 
(b) With red of normal brightness, genetic symbol : 7’, 


28 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


C. Deuteranopia. Red-green blindness with red of normal brightness 


(photerythrous), generally moderate, but sometimes extreme. In two 
forms :— 


(a) Ordinary Deuteranopia, red and green equally affected, genetic 
symbol: d. 


(b) Deviant or Anomalous Deuteranopia, green very much more 
defective than red, genetic symbol : d’. 


D. Green-Anomalous colour vision. Not colour blindness in the 
sense of confusing red and green, but “ green-different’”’, genetic symbol : 
g- 

IV. Red-Green Minor Defects. Small variations, not sex-linked, 
continuous with the normal condition in distribution, taking two forms :— 


(a) Red or Green “ Deviant” colour vision, due to relatively 
reduced red or green sensitivity. 


(b) Red-green “ Colour Weakness”, due to increased double 
differential threshold for red and green. 


V. Yellow-Blue Defects. Always “ minor” “because there are no 
defects in yellow and/or blue strictly corresponding to the sex-linked 
major defects in red and green. Small variations, not sex-linked, con- 
tinuous with the normal condition in distribution, taking two forms :— 


(a) Yellow or Blue “ Deviant ” colour vision, due to relatively 
reduced yellow or blue sensitivity, 


(b) Yellow-Blue “ Colour Weakness”, due to increased double 


differential threshold for yellow and blue. Sometimes these weak- 


nesses are almost great enough to justify the term “ yellow-blue 
blindness”. Foun; 


d in two forms :— Witl Vi 
oe ee (1) With and (2) Without 


VI. Exaggerated Fatiguability. This may be a separate form of 
defect, independent or combined with any other weakness, and might 
be totally sex-linked. If definitely established as a sex-linked defect, 


the genetic symbol f might be suggested. It is not, as Girttmann 
thought, 20 a general characteristic of the anomalous, 


COLOUR VISION in THE ANIMAL KINGDOM 
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a student of mine will illustrate these points. A cat was taught by 
repeated trials to choose a red signal light as leading to a food box and 
to avoid a green light. The alternative food boxes and lights were 
interchanged in position irregularly to counteract the possibility of 
the animal forming habits to take the right or left path, or to approach 
the food box which had some peculiarity observed by it and not no- 
ticed by the experimenter, and the result seemed at first sight to be 
beyond dispute. It was soon realised, however, that the green light 
transmitted a far wider band of light rays than the red, and included 
rays which at least for human beings are much brighter. This 
difference for human vision was also probably present for the cat, 
which was simply learning to take the less brightly lighted path when 
it went to the food boxes. Even if we had first taken the precaution 
of varying the relative intensities of the lamps systematically, until it 
was certain that brightness differences had also been eliminated by 
random distribution, and the cat had still learned to take the red 
path, yet it would not have been proved that the cat could distinguish 
red and green by hue alone. Such an experiment could be done with 
a considerable proportion of extreme deuteranopes, who are unable 
to distinguish the hues of red and green of equal brightness, but some 
of whom can still distinguish them by saturation: the red is more 
saturated than the green, though both look purely yellow. In order 
to eliminate the influence of both saturation and brightness differences 
for an animal like a cat, whose colour vision, if any, and indeed, whose 
vision, if it does not see colours, may be considerably different from 
our own, it would require a very elaborate research. In many experi- 
ments on animal colour vision coloured papers and lights have been 
employed, and no attempt has been made to secure equality of 
brightness and saturation before apparent evidence of hue discrimina- 
tion has been accepted. : 

Fox!® has summarised experiments on bees which seem to prove 
beyond doubt that these insects can distinguish blue as a colour, but 
not red, which is completely confused with grey of equal darkness. 
They are, in addition, able to see by rays from the ultra-violet region 
of the spectrum, which are completely dark to us. Whether this 
ultra-violet light is a hue of definite quality, and if so, whether it is 
something like our violet, we cannot tell. ; ; 

According to Walls’s excellent account, unequivocal evidence for 
colour vision has been found for the Teleost fishes, and, in two such 
fish, Phoxinus laevis and Betta splendens, there was evidence that 
colour mixtures, such as yellow and blue or red and blue-green were 
complementary because they formed satisfactory matches for grey. 
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For frogs and toads, on the other hand, and for all reptiles except 
turtles and lizards, there appears to be no adequate evidence of 
colour vision. Among birds colour vision appears to be widespread, 
with the exception of owls, which are able to distinguish only bright- 
ness differences. The domestic fowl has trichromatic vision similar 
to our own, though it was for long thought to be blue and violet 
blind. For mammals no decisive evidence for colour vision has been 
found except among the Primates. There is no evidence that red is 
any different for the bull from grey of equal brightness. The great 
majority of mammals are either nocturnal or of twilight feeding 
habits, and colour vision would be of little biological advantage to 
them, though the loss of colour vision in this group could not be 
interpreted as an adaptation to a nocturnal life. It is an example of 
the disappearance of a useless function. The chimpanzee, New Guinea 
baboon, pig-tailed macaque, rhesus monkey, sooty mangabey, squirrel 
and spider monkeys have all been studied and found to have colour 
vision similar to that of man. The Lemuroids, however, have yielded 
negative results, and this, again, may be related to their nocturnal 
habits. It is interesting that the Cebus monkey appears to have colour 
vision like that of a human protanope, that is to say, it distinguishes 
yellow and blues, but confuses reds, yellows and greens of equal 
brightness and has great darkening of the red end of the spectrum. 

Walls gives an interesting diagram of the possible phylogeny of 
colour vision in vertebrate animals. Colour vision may have started 
among primitive fish and passed from them to the bony fish or 
Teleosts on the one hand, and to reptiles on the other, among which 
it remains to-day only in the extreme branches, namely lizards and 
turtles. From early reptiles it was handed on to birds. From more 
primitive reptilian ancestors it was handed on to the mammalian 
stock, but has disappeared in all modern mammals except the 
Primates. Among those animals which have colour vision we often 
find bright colours on their bodies, which may serve for concealment, 
as in many fish and insects; for sexual display, 
insects and in those Primates which have brightly coloured sexual 
parts, and so on. Those animals which do not have colour vision are 
often grey, fawn, brownish, black or white, and do not h 
brightly coloured parts or organs. The human body, however, is 
black, brown, yellowish or white, and yet man has good colour vision. 
Probably it was retained on account of its service in food seeking, 
especially in fruit eating habits. In personal adornment it has been 
exploited afresh for sexual display, aggression and in numerous act- 
ivities in the cultural rather than the physiological heritage. 
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It is not necessary for an animal to have colour vision in order that 
it should be able to adapt its colouring to its environment. In the 
frog colour changes appropriate to the environment result from the 
varying interplay of three sets of pigment cells or chromatophores in 
the skin. One of these sets consists of unchanging opaque white 
cells; one of black, which is pale brown when thinly spread and 
black when dense; and one of orange or yellow. In pale colour 
effects the black pigment cells contract and the result is produced 
by combinations of white and yellow. Dark effects are produced by 
variable additions of the black pigment. Green is produced by a 
combination of filtering and reflection effects depending on these 
pigments. All skin colour changes are produced by light acting on 
the retina and on the skin itself, and are mediated by the nervous 
system and by hormones released by the pituitary gland.2° Frogs 
and toads have never been shown to have colour vision. 


PossiBLE EVOLUTION OF HUMAN COLOUR VISION 


olour vision in the human race has 


been discussed by many writers, and clear accounts of the problem 
have been given by Parsons” and Myers.** Both Edridge-Green* 
and Ladd-Franklin,%! in theories of colour vision to be discussed 
later, have claimed that human colour vision has evolved through 
stages represented by the forms of colour vision defect found to-day. 
Gladstone? showed that philological evidence based on the study 


of Homer indicated that the Ancient Greeks might have been defi- 
cient in colour vision, especially for blue and green. Geiger?® and 
Magnus have also brought forward literary evidence of a most 

ect of other early writings. 


interesting kind to the same effect in resp 1 s 
Rivers,27,28,29 using the Holmgren Wools Test and Lovibond’s 
Tintometer, showed that there was a widespread tendency among 
primitive peoples to weakness in sensitivity to blue, and suggested 
that this was reflected in the frequent confusions of blue with green 
and the use of the same name for these colours. The explanation 
might be due to a lack of blue objects in the environments of these 
peoples, to a lack of interest in blue, to peculiarities of language itself, 
or to lack of colour sensitivity. Myers’s discussion of the whole 


subject is extremely illuminating.” 
There is a considerable amount of evidence that red-green blind- 


ness is decidedly less common among peoples of West African, 
American Indian and other groups; such as Papuans and Fijians, 


than among people of Caucasian stock. The following list, in Table 4, 


The possible evolution of c 
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TABLE 4 


FREQUENCIES OF RED-GREEN MAJOR DEFECTIVES IN VARIOUS POPULATIONS 
Additional Data are given by Gates*! 


o 


Group Investigator Number tested Red-Green Blind 
9, 
% 
German Boys von Planta3° 2,000 7'95 
American Whites Miles?0 1,286 8-40 
do. Haupt 8 “Sr 
Norwegian Girls Waalerst go 3 ‘5I 
Norwegian Boys Waaler! 9,049 8-01 
British Men Vernon and 
Straker3? 6,000 7°49 
British Men Grieves 16,180 » 6°63 
Scottish Women Pickford#4 501 0°65 
Scottish Men Pickford3+ 464 7°80 
Scottish Boys Brown 525 7°43 
Scottish Girls Brown 252 0'46 
Scottish Boys Collins30 360 7°50 
Scottish Men Gray 138 7'24 
Spanish Whites Lorenzo and 
McClure®® — 9:00 
New Zealand Whites Geddes36 2,000 6:00 
Jewish Men Garth 200 4:00 
Indians Geddes*# 148 8-10 
Todas (Wools Test) Rivers®9 503 8°56 
Todas (Ishihara) Clements*? 320 12:80 
Turkish Men Garth30 — ‘30 
Men of Upper Egypt Rivers and {i 
(Wools Test) Randall-MacIver?8 80 5'00 
American Indians Clements?7 624 1 
American Indians Clements? 392 a 
American Negroes Clements?? pee f a 
American Negroes — Crooks®# 2,01 nes 
Fijians Geddes3é "608 3 80 
Bechuana Men Squires®4 I ae 
Chinese Men Kilborn and Beh30 I ie 
Chinese Boys Hsaio?0 _ m4 


collected from various sources, 


: shows this evidi s 
by Rivers would have shown a h a e e 


igher percentage of red-green blind 
d been used rather than Holmgren’s 


“green blindness is found among 
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Rivers found no red-green blind subjects in a group of Papuans, but, 
if the Ishihara Test were used, as many might be found among the 
Papuans as among the American Indians and Fijians. This suggests 
the possibility that the small percentages of red-green blind found 
in certain races with the Ishihara Test might correspond to the 
frequency of green anomalous subjects among whites (to be explained 
in a later chapter), because these subjects fail on the Ishihara but 
pass the Wools Test. Similarly, the moderate percentages found 
among Jews, Turks, Indians and Chinese would correspond to the 
frequencies of protanopes and deuteranopes among Europeans 
(excluding Jews). Thus the most prominent racial differences might 
be due to the variations in the distribution of types of defect, each 
of which, as will be shown later, is caused by a specific gene. It is 
most unlikely that these types of red-green defect represent stages 
in the evolution of human colour vision, the main characteristics of 
which were probably established long before man came on the scenes, 
but are due to a variety of defective mutations. 

Other points about racial differences in colour vision will be dealt 
with in later chapters, though it may be said here that there is no 
convincing evidence that colour vision passed through phases which 
might correspond to the hypothetical stages of Edridge-Green’s or 
Ladd-Franklin’s colour theories. 


COLOUR VISION OF CHILDREN* 68 


At Rivers’s suggestion Tucker?’ measured the thresholds for 
blue in English children, using Lovibond’s Tintometer. She found 
thresholds as high as Rivers found for Egyptians, and claimed that 
there was an increase in threshold from older to younger children. 
This supported the view that there might have been an evolution in 
human colour vision by indicating that children of more advanced 
groups tended to recapitulate the steps in their development. Mc- 
Dougall, Myers 4° and Valentine,” however, took the view that the 
development of colour vision in children is completed at an early 
age. They used the attractiveness of colours for children as the 
basis of their tests, whereas Winch*»»** and Garbini have considered 
that attractiveness might merely indicate brightness differences 
(which Valentine doubts), and used a matching method. Similar 
work has been done by Holden and Bosse*# and by Neumann. In all 
tests in which matching is used it is impossible to avoid also testing 
the process of comparison itself, which may develop later than 


*I am indebted to Mr. Robert Brown for compiling the data in this Section. 
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colour sensation, and in naming-tests the use of language is involved, 
and this, especially for children, may be influenced by home environ- 
ment to an unknown extent. Even among adults this is a serious 
matter, and, as Myers has pointed out, the Welsh have no name for 
blue.” Nevertheless, these experiments on children support the 
philological evidence for the development of colour vision, as indi- 
cated in Table 5. The results of Valentine on a two months’ infant 
were gained by timing fixations, while those on the same child at 
seven months were obtained by a “ grasping ” test. 


TABLE 5 


ORDER OF PREFERENCE AND “ PERCEPTION ” oF COLOURS BY CHILDREN 
COMPARED WITH PHILOLOGICAL EVIDENCE OF COLOUR SENSE 
DEVELOPMENT 


Source of Data Order of Preference or Correct “ Perception” 
Philological Research White, Black, Red, Yellow, Green, Blue. 
f Valentine Yellow, White, Pink, Red, Brown, Black, Green, 


Blue, Violet (3 months). 


Yellow, Red, Pink, Grey, Violet, White, Green, 
Black, Blue (7 months). 


Work Garbini White, Black, Red, Green, Yellow, Blue. 
on Winch Black, White, Red, Blue, Green, Yellow, Violet, 
Children Orange. 
Neumann Black, White, Red, Blue, Green, Yellow, Violet, 
Orange. 


Holden and Bosse Black, White, Red, Orange, Yellow (8 months), 
with Green, Blue, Violet (10-12 months). 
Staples Red, Yellow, Blue, Green (15 months), 


r; Staples* investigated the responses of infants to colour by a 
AA A i 
grasping ” test, and by recording the time they looked at the colour 


It is not certain that in these researches the relative brightness 
and effectiveness of different colours as stimuli have not influenced 
the results just as in many experiments on animals. This criticism 


| 


PROBLEMS OF COLOUR VISION 35 


is supported by the findings of Smith,4” who showed, in an investiga- 
tion of the effectiveness of various colours for use as road signs, 
that their order was red, orange, yellow, green, blue; while blue 
showed least visibility for all trained observers with normal colour 
vision. It seemed therefore essential that an investigation of the 
colour vision of children should be carried out in which brightness 
differences were satisfactorily equalised, and this will be reported in 
a later Chapter. 


THEORIES OF COLOUR VISION 


Science generally develops by three steps : first the observation 
of crude or unsystematised data; second the formulation of hypoth- 
eses to account for these data; third the use of systematically planned 
observations and experiments to test the hypotheses, which must then 
be accepted, modified for further tests or rejected accordingly. 
A simple account will be given of the four principal theories of colour 
vision. These four theories, due to Hering, Young, Ladd-Franklin 
and Edridge-Green, were all put forward before 1900, in their 
original forms. Granit’s conception of dominators and modulators, 
and Hartridge’s data supporting a multi-colour theory, however, will 
be explained and discussed in the final chapter. It is better to start 
with the four theories which form the traditional background for 
the study of colour vision. Polyak’s discussion of the two main 


theories should be consulted. 


Tur Four-CoLour THEORY 


The idea that there might be four primaries, red, yellow, green 
and blue, and that intermediate hues are not separate sensations, was 
formulated as a serious theory of colour vision by Hering*®#° in 
the latter part of the nineteenth century. Considering the facts of 
colour mixing, the colour circle, complementary colours, after- 
sensations and simultaneous contrast, he took the view that these 
primaries could be arranged in two pairs, red-green and yellow-blue, 
and he added black-white as a third and hueless pair. He supposed 
that physiological processes of opposite nature might excite sensations 
of opposite quality according to these pairs. When there was no 
stimulation the opposed processes would balance in the middle and 
there would be no sensations of hue, but the intermediate deep grey 
which is experienced when the eye is at rest in complete darkness he 
called the “ self-light ” of the retina and attributed it to the balanced 
Processes of the system. White, red and yellow he regarded as 
produced by destructive or katabolic processes, and their opposites 
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black, green and blue as due to constructive or anabolic processes. 
When monochromatic red or yellow light falls upon the retina 
katabolic processes are set up and the corresponding colour is 
experienced in saturation proportional to the intensity of stimulation. 
Monochromatic green or blue light has an opposite effect, producing 
anabolic processes. Similarly, white light produces katabolism and 
absence of light stimulation produces anabolism in the white-black 
system. Intermediate light rays, like orange, if monochromatic, 
affect both their neighbouring systems, in proportion to their 
nearness to the primaries concerned. Polychromatic colours affect 
all the systems involved. Hering found it necessary to assume in 
addition that all the rays in the spectrum have a certain effect on the 
white side of the white-black system, so that all colours have whiteness 
added to them, and further, he assumed that red and yellow have 
inherent brightness on their own account and green and blue inherent 
darkness, thus explaining-the warmth of the first two and the coldness 
of the second two. Since pure green and red are not complementary, 


colour circle, complementary colours, brightness and saturation, 
black and white, and especially well for negative after sensations, 
which would appear to be due to the tendency of the disturbed 
colour system to swing back to its balanced position. To account 


d that the opposite 
retina by a given 
n and yellow-blue 


f » SO that’ there was an inadequate 
differential response to the light waves in questio; 


of the red in protanopes he assumed to be due 
retina and optical system, but this is not satisfactory. 

When Hering put forward his theory it was not known how com- 
plex and variable colour vision defects would prove to be on fuller 
investigation, and the mere absence of th 
sufficient to account for red-green bli 
most interesting series of researches 


to pigment in the 


think of Hering’s light-sensitive substances as be 


i r ing replaced by the 
capacity of the cones, or light-sensitive cells of th 


e retina, to respond 
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to stimulation with two alternative frequencies of electrical discharge, 
and that there should be two sets of such cones with different pairs 
of frequencies. One set will give rise to red and green sensations; 
the other to yellow and blue. The first frequency of discharge of 
cones in the red-green system will correspond to red and the 
alternative frequency to green, and similarly for the yellow and 
blue system. Since he thinks responses to light and darkness must 
be controlled by,a system independent of colour to some extent, it is 
to be assumed that he would add a third system of cones with one 
frequency for white and another for black. It would be useless to 
think of the white and black sensations as determined in daylight 
vision by the rods, because they are totally out of action except in 
extremely dim twilight, when they give colourless sensations. Thus 
Houstoun’s theory would lead us to expect cones to be in sets of 
three. 

Houstoun has to suppose that in each of the three systems there 
are cells which have the potentiality of two distinct rates of electrical 
discharge, corresponding to complementary colours and to black 
and white, accordingly, and that there is a sharply defined point of 
change over from one discharge rate to the other. If this hypothesis 
can be sustained the laws of colour mixing will be satisfied. Red rays 
set off a certain rate of discharge in the red-green cones; as we 
approach orange the yellow-blue cones come into action; yellow 
affects only yellow-blue cones, but yellow-green will affect the yellow 
cones in the same way as yellow and the red-green cones in their 
alternative way to red, and so on. Polychromatic colours will affect 
all the systems to an appropriate extent, just as in the original Hering 
theory. Houstoun is not explicit about white, grey and black, but 
the brightness level of colours and their mixtures is not dependent on 
variations of hue and saturation sensitivity alone, and in order to 
explain this it will be necessary to assume a third system, as suggested 
above. The self-light of the retina might be accounted for by a very 
small number of discharges occurring spontaneously in all systems, 
since all primaries, combined in very small quantities, would produce 


a grey of very low intensity. i , 

Houstoun’s theory of periodic electrical discharge completely 
overcomes the objection raised against Hering S four-colour theory 
by Ladd-Franklin and many other critics, that a positive sensation 
cannot be supposed to arise from an anabolic or assimilative chemical 
change. 

In Houstoun’s scheme it ma: 
that a single sensitive cell can have two s 


y be difficult to accept the possibility 
harply different modes of 
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electrical discharge which differentiate complementary colours. An 
interesting adaptation of the theory would therefore be to suppose that 
the alternative rates of discharge were attributes of different cells. 
We could put forward the hypothesis of two pairs of hue responding 
cells: in the red-green pair one cell responds to red, the other to 
green; in the yellow-blue pair one responds to yellow and the other 
to blue. The saturation will depend on the number of cells excited. 
The white responding cell may respond only to white and make no 
discharge for black, which could be a purely contrast effect. This 
theory, again, would lead us to expect the cones to be in sets of three, 
there being two different kinds of sets : red, green and white; and 
yellow, blue and white. 

If a part of the retina is stimulated with red rays alone, a saturated 
red may be produced, which, like spectrum red, is slightly orange in 
hue because the red-responding cells will all be active and a very small 
number of the yellow-responding cells will be active too. As we add 
the green rays to displace the red ones gradually, fewer and fewer of 
the red-responding cells will react and more and more of the green- 
responding ones. At a central point equal numbers of both will react, 
and at this point a very desaturated yellow will be produced. At 
the other extreme, the red-responding and yellow-responding cells 
will cease to react and we shall be left with a green to which no yellow 
is added. For a person with normal red-green vision the points of 
change from red to yellow and from yellow to green will be definite 
and will leave a very narrow margin within which desaturated yellow 
may be matched by the red-green mixture. Any tendency of the 
red-responding cells to react with more than minimal readiness to 
green rays, and vice versa, will result in the widening of this margin. 
If the cells fail to differentiate red and green in their responses, yellow 
will be matched throughout by the mixture, whatever the proportions 
of red to green. At the green end, however, there will bea more colour- 
less and at the red end a more yellowish sensation, because spectrum 
red overlaps the region of yellow responses more tha 
principles apply, with the difference that the mixture of equal 
proportions will match a neutral grey, because the hues with which 


a aker the capacity of the yellow 
and blue-responding cells to differentiate yellow and blue, the wider 


r atch a grey of equal brightness, 
until at an extreme point both yellow and blue and all mixtures of 
them would be identical with grey. At the same time, in either the 
red-green or the yellow-blue System, any tendency for the main 
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change to be displaced from the normal central position in the red, 
green, yellow or blue directions, would result in a deviation from the 
normal mixture of red and green which matched yellow or of the 
normal mixture of yellow and blue which matched grey. In hypothesis 
both types of modification in the differentiating systems are possible, 
and we could have any combination of these four different variations 
from normality. At the same time, any of the four types of responding 
cells might be reduced in numbers or put out of action. With these 
possibilities it will be found that all types of red-green and yellow- 
blue colour vision defect can be accounted for with far more efficiency 
than on any other theory of colour vision. Motokawa’s recent work 
points strongly in the same direction. ® 


Tue THREE-COLOUR THEORY: 


Thomas Young put forward in 1801 a theory which required only 
three primaries, red, yellow and blue, in accordance with the exper- 
ience of artists in colour mixing. It is easy to make green by means of 
blue and yellow in the artist’s way, as explained in a previous para- 
graph, but the artist would not be able to make yellow satisfactorily 
by mixing red and green: the effect is “ muddy ” and desaturated. 
From the point of view of a three-colour theory, however, red, 
green and blue are more satisfactory, because with monochromatic 
yellow and blue one cannot make green, but with monochromatic 
red, green and blue one can match all colours in hue, though not in 
Saturation, Young soon altered his theory to employ red, green and 
blue, and these were the primaries chosen by Helmholtz when he 
elaborated the theory known by their joint names later in the 
century, 51 
_ In the Young-Helmholtz theory one set of cones will function 
1n response to rays at the red end of the spectrum, one set in response 
to rays from the middle or green part, and a third set in response 
to rays from the blue and violet end. There will be considerable 
Overlapping which, according to Walls, must be so great that all 
Cones respond almost to the whole spectrum, but the sum of their 
Tesponses will be mainly weighted with red at one end, green in the 
middle and blue at the other end. Wright’s data do not support the 
View that the overlapping is as great as this. Nevertheless, it might 
account for the brightness of yellow-greens and for the fact that 
Spectrum yellows are of relatively low saturation. Black results 
from the absence of stimulation, and greys result from all three in 
complementary proportions but low intensities, while white occurs 
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when all are stimulated with great intensity. Colour sensations result 
from a preponderance of one type of response over the other two, 
or of two over the third. 

It would be more satisfactory to take as primaries three colours 
each of which is psychologically unanalysable, but we need a slightly 
orange red, a slightly yellowish green and a violet blue. These three 
divide the colour circle efficiently into three sections such that any 
two taken together are complementary to the third. Such primaries 
are well represented by the famous sets of tricolour gelatine filters 
used for colour photography. Such filters are, however, very far 
from being monochromatic, and include between them all possible 
intermediates, while the green and blue usually transmit some red 
light. Colour mixing experiments which can be done with these 
filters are therefore very poor evidence for the Young-Helmholtz 
theory. The intermediates—especially yellow, which is an inter- 
mediate on this theory—are already present in the polychromatic 
primaries. To prove the Young-Helmholtz theory monochromatic 
primaries must be used. 

On this theory complementary after-sensations are attributed to 
fatigue of the receptors, which take a certain time to recover from 
stimulation and the colour corresponding to which is therefore 
subtracted from grey or white. Simultaneous contrast effects are 
attributed to inference or to the tendency to excitation of complemen- 
tary effects in neighbouring areas of the retina. The theory would lead 
us to expect three main types of colour vision defect : red-blindness, 


The varieties of colour vision 


LADD-FRANKLIN’S THEORY’? 


Ladd-Franklin’s theoryof colour vision was 
the three- and four-colour theories. 
the beginning of the evolution of col 


a compromise between 
She expressed the view that in 
our vision there was sensitivity 
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to light alone, without discrimination of colour. This would corres- 
pond to the sensitivity of the majority of mammals, which are totally 
colour blind, and to that of the totally colour blind met with rarely 
among human beings. Colour vision, however, appears to have 
started at least as low as the bony fishes, among vertebrates, and is 
found in insects too. Hence those higher animals which lack it, and 
also the various kinds of colour blindness in human beings, cannot be 
viewed as intermediate stages towards its evolution, but must be 
regressive, and may or may not reflect its original steps as clearly as 
Ladd-Franklin thought. She took the view, however, that as evolu- 
tion proceeded a substance sensitive to light became subdivided, 
forming two subsidiary substances, one of which was sensitive to the 
long and the other to the short waves in the visible spectrum. The 
long wave sensitivity gave yellow and the short gave blue vision, but 
mixed light still affected both substances together as before, and gave 
white. A second step in evolution divided the yellow substance in 
the same way into two parts, giving different sensations for red and 
green and a combined sensation for yellow as before. Thus the 
yellow vision of the red-green blind could be explained by saying 
that they had arrested development at the second stage, and the 
totally colour blind could be considered to have arrested development 
at the first stage. In this connection it is interesting that totally colour 
blind human subjects usually have very poor light adaptation— 
photophobia—and their vision may be confined to the functions of 
the rods. The study of some completely nocturnal animals, like the 
bat, shows that they have lost their cones, while study of others 
which are less completely nocturnal, like the rat, shows that the 
number of remaining cones is very small indeed. On the other hand, 
lack of colour vision is not in general coupled with absence of cones: 
Hence there might be two stages of colourless vision, one which is 
nocturnal and corresponds to rod-functioning alone, and the other 
which is diurnal and corresponds to colourless cone vision. 
Although Ladd-Franklin’s theory combines some of the advantages 
of both the three- and the four-colour theories, it is liable to the 
Principal objections to the three-colour theory without gaining the 
Most important advantages of the theory of four primaries. Thus, 
three-colour mixing experiments with monochromatic colours will 
Not support the Ladd-Franklin theory if they do not also support the 
oung-Helmholtz theory. Every weakness in yellow must, on 
Ladd-Franklin’s theory, imply a corresponding weakness in red 
and/or green, which is not borne out by fact. The two types of 
red-green blind cannot be satisfactorily explained on her theory, 


42 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


and there are several other kinds of colour defect which would be 
even more difficult to explain, just as they are on the Young- 
Helmholtz theory. These will be dealt with fully later. 


EDRIDGE-GREEN’S THrory™? 


This theory, put forward in 1891, was completely different. 
Edridge-Green supposes that the discrimination of colours is like the 
discrimination of the differences between the lengths of poles, the sizes 
of boxes or the lengths between the crests of waves on the sea. It is, 
in fact, a discrimination of the differences between electro-magnetic 
waves by wave-length, but, instead of seeing long, medium and short 
waves, for example, we see red, green and violet. The more efficient 
our psycho-physical functions in discriminating wave-lengths the 
better colour vision we have. Edridge-Green assumed that the essen- 
tial light sensitive substance of the retina was the visual purple, which 
is bleached by light and tends to accumulate in the dark when there 
is little or no stimulation. His theory, like that of Ladd-Franklin, 
was a theory of evolution which assumed that various degrees of 
colour sensitivity in man were stages of development. Thus the 
most primitive vision discriminates only between light and dark. 
The second stage discriminates hue as well, and has blue for short 
and yellow for long waves. In the third stage there is the ability 
to discriminate the middle rays of the spectrum as green, and the 
ends remain yellow (or perhaps red) and blue (or perhaps violet). 
The fourth stage brings the distinction of yellow from red and green, 
and has four hues, red, yellow, green and blue (or violet). In the 
fifth stage blue and violet are distinguished; in the sixth orange is 
distinguished from red and yellow. The seventh stage brings indigo 
and has all the familiar colours of the spectrum. More stages may yet 
evolve. Edridge-Green has called these the monochromic, dichromic, 
trichromic, tetrachromic, pentachromic, hexachromic and hepta- 
chromic stages respectively. His terms trichromic and dichromic 
must not be confused with the terms trichromatic and dichromatic 
which are used in the Young-Helmholtz theory. Trichromatic 
colour vision means colour vision in which all hues can be matched 
with three primaries; in dichromatic vision only two are required, 
as in those who are extremely red-green blind, Many if not all 
dichromatics are what Edridge-Green would call dichromic, in 
the sense that they see only two hues, yellow and blue; but a person 
with trichromatic colour vision might be a tri- tetra- penta- hexa- 
or heptachromic on Edridge-Green’s theory. The monochromics 
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correspond to the totally colour blind; the dichromics are those with 
extreme red-green blindness; the trichromics are the incompletely 
red-green blind; the tetra- and pentachromics according to Edridge- 
Green’s account, are people with common types of colour weakness, 
the pentachromics tending to confuse yellow and orange, and the 
tetrachromics to confuse blue and violet. The hexachromics are 
those with normal colour vision, but who cannot distinguish indigo; 
and the heptachromics are the most sensitive, to whom indigo is 
different from blue and violet. There are, of course, no sharp 
distinctions between these seven classes, which merge into each 
other continuously. The hexachromic is the commonest class, and 
on either side of it the remaining classes are arranged in order of 
decreasing frequency. To be able to distinguish indigo is unusual 
but not rare. To tend to confuse yellow and orange is commoner 
than the tendency to confuse blue and violet, and these in turn are 
commoner than the tendency to divide the spectrum into no more 
than three colours. The confusion of red, yellow and green is still 
rarer and total inability to distinguish colours from grey is very rare 
indeed. 

On Edridge-Green’s theory there are no primaries in the usual 
sense of the term: there are simply different degrees of ability for 
colour discrimination, and there are as many primary capacities for 
a given person as the number of distinct hues he can see—purples, 
magenta and carmine, of course, being treated as mixtures. In the 
same way there are no “ primaries” in the sensations of tone in 
hearing, but simply a multiplicity of differences. 

_ Certain objections to this theory should be carried in mind. One 
is the difficulty of thinking of the discrimination of light waves by 
hue as being of the same general nature as the discrimination of 
sizes, weights, heights, temperatures and so on, but this would not 
be an overwhelming objection to the theory if it was otherwise 
Sound. It may be said that sensations of warmth and coolness are 
indications in consciousness of the molecular vibration-rates in the 
bodies we touch. This is not less difficult to understand than the 
Suggestion that hues are conscious indications of differences in 
Wave lengths of the light rays which stimulate the eye. It is a more 
Serious objection that these seven classes do not represent accurately 
the true state of affairs in the distribution of colour defects. The 
classification of colour-vision differences calls for a much more 
complex system than that of Edridge-Green. It is difficult to avoid 
the impression that he has tried to force the differences he observed 
into a ready-made scheme. His observations of colour-vision 
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difference were endangered by his reliance on the use of the spec- 
trometer as the essential instrument, and by too great insistence on 
the value of the subject’s use of colour names. A profounder know- 
ledge of psycho-physical research would probably have led him to 
replace his spectrometer-naming technique with a more efficient 
method. Nevertheless, his clinical descriptions of various forms of 
colour-vision defects are of quite exceptional interest and deserve 
the thorough attention of all students of the subject, even though 
half-a-century has elapsed since he made them first. 


Binocutar CoLour COMBINATIONS 


Much interest centres about the possibility that a good yellow 
might be made from a binocular combination of red and green, one 
colour presented to each eye. According to Walls, “ There is no 
color-sensation which can be produced by mixing two lights in one 
eye, that cannot be duplicated by supplying two lights, independently, 
one to each eye”’.54 He also puts forward an interesting hypothesis 
that all colour syntheses, both binocular and monocular, take place 
in a single locus, believed to be the lateral geniculate nucleus, whereas 
fusion of binocular Stereoscopic patterns may take place in the 
laminae of the striate area of the visual cortex,55 

In order to study binocular colour combinations, two colours, 
one supplied to each eye, may be combined by means of a simple 
stereoscope, fitted with a colour-filter holder to take the place of the 


usual stereoscopic double picture. One colour will stimulate each 
eye independently, 


In experiments of this kind 
normal colour vision, the eigh 


The degree of Combination was estimated on a ten, 
o being complete absen 
fusion. Five intermediat 


-point scale, 
ce of combination and 1.0 being perfect 
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0.9, in order to simplify the experimental task and also because no 
colour pair completely failed to fuse or gave perfect combination. 
The estimates were entered in order in a ọ X ọ table, like a correlation 
table, and the diagonal cells were then filled with 1.0’s, because they 
represent fusion of each colour with itself, which is always perfect. 
The resulting table was then factor analysed by the simple 
summation method, and the following factor loadings were obtained 
from the experiment with one experienced observer who had normal 
colour vision. The results for the other ten observers were all of the 
same kind. Although the figures in the 9 x g table obtained in the 


TABLE 6 
FACTORIAL ANALYSIS OF BINOCULAR COLOUR COMBINATIONS 

Colours General First Second 
combined factor bipolar bipolar 

Purple 648 —'247 +°723 

Red "735 —589 "197 
Orange _ 765 —+580 —-076 
Yellow -867 —-402 349 
Yellow-Green +839 —-089 — 676 
Green +705 +145 —-641 
Blue-Green 854 +638 —'158 

. Blue “706 F551 +399 
Violet 618 +°573 +599 


experiment were not correlations, it is legitimate to apply factorial 
analysis to them on the assumption that they were analogous with 
correlations, and I am greatly indebted to Professor Sir Godfrey H. 
Thomson for a very interesting discussion with him concerning this 
table of factor loadings. o 
The general factor shows that all colours have a strong combining 
tendency when presented independently one to each eye in Pairs. 
The bipolar factors show that there are certain very significant 
limitations to the ways in which these combinations can be made. 
Both bipolars showthat complementaries are very difficult to combine 
in binocular vision, and the second bipolar shows clearly that bright 
colours are difficult to combine with dark. Red and green can be 
combined to a certain extent, under the conditions described, but 
only with considerable difficulty, and little or no support for the 
Young-Helmholtz theory will be found in this experiment. It 
clearly supports a four-colour theory of the Hering or Houstoun 
type, in which opposite colours would be expected to combine by 


a “ neutralising ” process in the retina of one eye, but not when 
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presented separately to the two eyes, whereas neighbouring colours 
would be expected to combine readily in either way, which they de, 
as shown by ordinary laboratory experiments on colour mixing. 

The fact that complementary colours are extremely difficult to 
combine when presented separately one to each eye, but very easy 
to combine in one eye alone, also throw doubt on the theory that 
all colour combinations take place in a single locus of the brain, and 
not in the retina. It is more likely that complementaries combine in 
the retina, though neighbouring colours may be combined in the 
lateral geniculate nucleus. Further experiments are in progress to 
see whether there are any characteristic differences between the 
various types of colour blind and anomalous subjects in their capaci- 
ties for binocular colour combination. 


THE RAYLEIGH EQUATION 


The experiment now traditionally known as the Rayleigh equation 
was first described by Rayleigh in 18815° and consisted in mixing 
monochromatic red and green to match a monochromatic yellow. 
These colours were obtained by means of an apparatus with slits 
arranged to allow the appropriate parts of a spectrum to pass. The 
red and green rays were mixed and the yellow rays were brought 
into such a position that they could be compared with the mixture. 
Rayleigh described three methods of doing the experiment, two with 
spectrum colours and one with coloured disks combined by a rotating 
prism. The quantities of red and green could be adjusted to give a 
match with the yellow standard. Edridge-Green,® who carried out 
a series of tests with Rayleigh’s second apparatus, assures us that an 
exact match is possible, for brightness, hue and saturation. In the 
form of the apparatus described by Nagel,*? the relative widths of the 
red and green slits are varied inversely by the movement of a central 
block, so that the colour which is being added at the same time tends 
to become a wider band of rays and is therefore less strictly mono- 
chromatic, and vice versa. An apparatus of this type, whether 
Rayleigh’s or Nagel’s, or indeed any other kind of apparatus with 


the same function, is usually called an anomaloscope, for reasons 
which will be explained later, 


Rayleigh found that the majority of subjects required almost the 


same proportions of red and green to match the yellow, but he was 
immensely fortunate, and, among twenty-three male observers. he 
found that his three brothers-in-law and two other men, one of whom 
was J. J. Thomson, required far more green than the majority, while 
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two more differed in the opposite direction. His fourth brother-in- 
law and his three sisters-in-law he found to be normal. 

Subjects who differed as much from the normal as those seven 
first described by Rayleigh have become known as “ anomalous 
trichromats ”. On the assumption of the truth of the three-colour 
theory, the Rayleigh equation tested the relative strength of the red 
and green primaries. Blue was not tested. On the three-colour 
theory the completely red-green blind would be insensitive to one or 
other of the two primaries, red and green, and therefore not more than 
two primaries would be required by them to match all the hues which 
they see. Between the colour blind and the normal, who would, of 
course, be trichromats on this theory, a certain number of intermediates 
would be expected, according to the random variability which affects 
all human traits and characteristics. It was assumed by many people 
that the subjects who still required three primaries and yet differed 
from the normal in the two ways described by Rayleigh were these in- 
termediates, and they were called anomalous trichromats accordingly, 
one type requiring more red and the other more green than the normal. 
These rather tempting assumptions have led to the most unfortunate 
confusions in the study of colour vision, for the so-called anomalous 
trichromats are not intermediates between the colour blind and the 
normal. 

At the present time there are three ways in which the expression 
anomalous colou: vision is used. The majority of workers, including 
Nagel,®? who claimed to be anomalous himself, seem to use this 
expression to refer to all subjects who are weak in red-green vision, 
but who are not as weak as the extremely red-green blind. Edridge- 
Green,® however, has pointed out that many slightly colour weak 
subjects are willing to accept the normal Rayleigh Equation, though 
their most frequent choice may be different. They are not weak 
enough to be detected by ordinary tests for colour blindness. He 
found other subjects who are quite unable to accept the normal 
equation and invariably reject it. He wishes to call the first group 
colour weak and the second group anomalous in the strict sense. 
The third use of the term anomalous is that of ophthalmologists and 
colour-vision testers who do not wish to say that any person is colour 
blind. There are excellent reasons for avoiding the term blindness in 
any form, but it is unsatisfactory to use the term anomalous in this 
Way j i iscussions, because it 1$ required for the special 

y in technical discu ; 2 : 

wis s - Rayleigh. There is another and interest- 
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colour vision, in which fewer than the normal number of hues is 
discriminated. Hence a colour-blind person can make many matches 
in colour mixing experiments which would be rejected by the normal, 
but he always accepts any colour matches which a normal person 
makes. The anomalous are exceptions to Parson’s rule. They reject 
the red and green mixture with which the normal person matches 
sodium yellow, and accept another mixture which the normal person 
rejects. They are almost as good at discriminating hue differences 
as the normal, but discriminate them in a different way. 

There are excellent reasons for the difficulties about the term 
anomalous colour vision. Here it will be used strictly in Edridge- 
Green’s sense, and applied to those subjects who reject the normal 
Rayleigh equation by a wide margin. This distinguishes them from 
the colour blind, who almost always accept the normal equation 
and can often accept the anomalous equations as well. 

Rayleigh was exceptionally far-seeing and a careful consideration 
of his paper®® will reveal the following points :—(1) He did not assume 
that the Rayleigh equation directly fell in line with and demonstrated 
the truth of the three-colour theory; (2) He doubted that all indi- 
vidual differences in colour vision were normally distributed; (3) 
He showed that the two kinds of anomalous colour vision differed 
in certain characteristic ways from colour blindness; (4) He threw 
doubt on the view that colour blindness could be divided into two 
classes, red blindness and green blindness ; (5) Nevertheless he 
showed the essential way in which protanopes differ from deuter- 
anopes; (6) By observing three brothers who had the same green 
anomalous defect, while their fourth brother and three sisters were 
normal, he provided a piece of evidence indicating that the green 
anomalous defect is inherited as a distinct and definite character, 
while this small pedigree is now seen to correspond to the view that 


the green anomalous condition is inherited as a sex-linked Mendelian 
character. 


ORIGIN OF THE PRESENT EXPERIMENTS 


More than one form of anomaloscope exists, and Collins3% 59 
has shown that essentially the same experiment can be done with 
Hering’s coloured papers. In this experiment a disk composed of 
red and green variable sectors is adjusted so that the ratio of red 
to green in the whole 360° matches a yellow which is desaturated and 
adjusted to the necessary brightness with variable sectors of black 
and white. Her disks were all mounted on the same rotator, the 
red-green disk being large and the yellow-black-white disk being 


i 
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small, so that a direct comparison was possible. When I appealed to 
her to suggest a sensitive test of colour vision, she sent me the 
colour papers suitable to set up a similar experiment. 

The results of the first tests with this apparatus were very 
surprising. In the preliminary experiments there were about five 
normal subjects, one who was green anomalous and two who were 
extreme deuteranopes. It was expected that the anomalous subject 
would give an equation intermediate in deviation from the normal, 
and the colour blind would give an equation of extreme deviation. 
Assuming the truth of the Young-Helmholtz theory at the time, it 
was thought that green anomalous subjects would be part way to 
“green blind” and red anomalous part way to “red blind”. 
Neither of these expectations was fulfilled, and the experiments 
were held up at this stage until an interesting point was noticed about 
certain readings which were jotted down on the blackboard while 
testing a husband and wife. The wife had laughed at her husband 
for making certain slight colour mistakes, as she thought, but the 
tests had shown at first that she had a greater weakness in green than 
he. Somewhat piqued, she had asked for a re-test, and this time 
she had exactly agreed with him. It seemed certain that the experi- 
ments were efficiently carried out, and, though Collins has shown 
that there are very slight variations in the red-green equation for a 
given subject from day to day, the differences were much too great 
to be accounted for in that way. It was then noticed that in the second 
test, in which the wife had agreed with her husband, she had accepted 
the yellow-black-white disk as he had left it, namely, with more 
black than in her first test. This fact gave the clue required, and the 
hypothesis was formulated that there might be a range of colour 
matches acceptable to each subject and depending on the proportions 
of black with which the yellow was mixed. If, for two subjects, 
these ranges were to overlap, then they might be able to accept the 
same red-green equation if the proportion of black was adjusted 
Suitably, although their mean matching points were considerably 
different. The husband and wife, it appeared, had failed to agree 
when the white-black ratio was different, but had agreed when it 
was the same. So long as they were within the limits of overlap of 
their ranges they would agree, but outside these limits they would 
differ, 

It was then decided to recall the subjects tested for a new series 
of tests in which each should be made to reveal the range of ratios 
within which he could accept the red-green mixture as a match for 
the standard yellow provided there was also a brightness match. 
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Still working on the assumption of the Young-Helmholtz theory, 
the hypothesis was now formulated that there would be found all 
degrees of red-weakness, shown by increasingly large ranges of 
matching towards red, the red anomalous being intermediates and 
the “ red blind” the extremes, and similarly on the green side for 
the green anomalous and the “ green blind ”. It was assumed that 
the more a person’s red-green equation differed from the normal the 
bigger range of matches he would make. 

This third expectation based on the Young-Helmholtz theory was 
also unfulfilled. We tested a number of subjects with the greatest 
possible care, and were astonished to find that the green anomalous 
had a very big deviation to the green side but a small range, while 
the so-called “ green blind” had a vast range of possible matches 
stretching as far into the red as into the green side of the red-green 
mixture, and therefore a very small average deviation. Subsequently 
the same was found to be true of the so-called “ red blind 2, while 
the red anomalous had a very big red deviation and a very small 
matching range. This result, of course, could have been predicted 
from the observations which Edridge-Green, and Rayleigh himself, 
had published half-a-century ago, if I had not been assuming the 
truth of the Young-Helmholtz theory. It was therefore apparent that 
the usual method of using the Rayleigh equation, in which the degree 
of deviation is supposed to be an adequate measure of colour weakness 
in the colour towards which the deviation occurs, was futile and based 
ona mistaken view of the nature of colour-vision defects, The Young- 
Helmholtz theory immediately became subject to the sharpest 
suspicion, because there was no correlation between deviation and 

_ range of colour matches. Breakdown of the expectations based on the 
theory was the precondition of new insight into colour vision. 

It became apparent that there was uncharted ground to study, and 
a series of experiments was planned with the rotating disks. It 
seemed that other tests of the subject’s ability to make colour matches 
under the conditions of the experiment and apart from the effects of 
red-green weaknesses would be valuable as a safeguard in assessing 
those weaknesses. We chose a blue paper which, when rotated on 


the Rayleigh Equation, 


ut in sector of green. This 
green-black-white disk looked very faintly green when at its darkest, 


ite when at its brightest 
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level. Although green was present, the disks looked grey when 
matched, 

Again an assumption based on the Young-Helmholtz theory 
proved unsatisfactory, because it was thought that yellow and blue 
would almost never vary, except in the rare cases of “ violet blind- 
ness ”, and that this yellow-blue test could be used as a control for 
the Rayleigh Equation, so that we could be certain that those who 
had unusually wide ranges of matching in red and green were not 
simply incompetent or careless at the test itself. Surprisingly enough, 
both blue and yellow weak subjects of several kinds were soon found. 
Doubts about the Young-Helmholtz theory now became even greater 
and the problem of testing theories was added to that of testing 
individuals. A shortened account of the work, concentrating mainly 
on the Four-Colour Test, to be described in Chapter IX, has been 
published elsewhere. 

Important discussions of colour-vision defects have been 
published recently by Willmer®™ and Wright, both of whom are 
prepared to support trichromatic theories, though in different 
forms, while Wright has pointed out some of the difficulties in using 
the Nagel Anomaloscope to distinguish the anomalous from the 
colour blind, The present book was largely complete in MS. 
about the time these two works were published. It deals with the 
whole subject from a different point of view, namely that of the 
investigation of individual differences by the methods generally 
accepted in experimental psychology. 


Chapter 2 


THE ROTATING DISKS EXPERIMENT: NORMAL, 
DEVIANT AND COLOUR-WEAK SUBJECTS 


THE purpose of this experiment was to study and measure accurately 
the individual differences found in colour sensitivity for red, green, 
yellow and blue. It was planned to measure the small differences 
between people with normal colour vision, together with any mod- 
erate weakness to be found, and the extreme weaknesses of the colour 
blind, with the same apparatus and the same technique, so that all 
the results would be strictly comparable. This is an important point. 
All the commonly used tests of colour blindness, such as Holmgren’s 
Wool test, Stilling’s Tables, the Ishihara test, Edridge-Green’s Bead 
test and Lantern, fail to compare the colour blind with the colour 
weak or normal. They are tests for cutting out the colour blind 
at the danger level commonly accepted for practical purposes, and 
they take no account of the accurate discrimination of individual 
differences. None of these tests enables us to measure the normal 
and the colour blind accurately with the same measuring-stick. The 
vast weakness of the colour blind is the chief reason for this difficulty. 
Another difficulty is the high sensitivity of the normal. The problem 
in testing intelligence, on which many of our general ideas about 
psychological tests are based, is altogether different. Here the 
variability among the normal is far greater than in colour vision, and 
the extremes are approached by a smoothly graded series, whereas 
in colour vision the series is discontinuous. Hence it has never 
been possible to see the normal and the colour blind compared by 
means of a single test equally applicable to both, and it is obvious 
that for many practical and theoretical purposes such a comparison 
would be invaluable. 

The Nela wools test works on the principle of a series of finely 
graded colour comparisons, and the result is given in terms of the 
number of correct distinctions made. Pierce’s test depends on the 
principle of asking the subject to set in order a series of disks of 
finely graded saturation difference, a 
of the number of misplacements aft 
in order to the best of his ability. 


nd the result is given in terms 
er the subject has set the disks 
? Colour-vision testing, however, 
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must be based on the measurement of thresholds for the perception 
of hue and/or saturation differences. 

Houstoun’s microscope test might have served this purpose. 
Several forms of it were tried out, but it was given up as unsuitable. 
It is essentially a test in which the light reflected by a minute spot 
of colour on a grey paper, or transmitted by a minute piece of colour 
filter in a transparent microscope slide, is desaturated with the white 
light from the surrounding areas in proportion as the microscope is 
out of focus. It was used by the Method of Production, in which 
the subject adjusts the microscope, and by the Method of Limits, in 
which it is adjusted by the experimenter; and it was used with small 
squares of red, yellow, green and blue to be identified by name 
individually; to be seen all together in the same field and distin- 
guished; and with a slide in which all combinations of these four 
colours were arranged in pairs in which each pair made a minute 
square half of which was of each colour, to be distinguished by the 
subject. It is an extremely interesting test to experiment with, but 
the range of variability of the settings under all the circumstances 
mentioned above was so great that the test was impracticable as a 
quick and efficient test of colour vision. Moreover, the slightest 
change in angle of view of the subject had a large effect on the appear- 
ance of the test objects seen through the microscope, and neither the 
intensity of the test spots nor that of the light which desaturated them 
was under control, so that a protanope, for instance, might be decep- 
tively good at distinguishing red from yellow and green, but not from 
blue, thus giving a distorted picture of his defects. Looking down a 
microscope is tiring to the eye for the inexperienced, and not every- 
body is equally good at it without training. In this test it is impossible 
for the tester to see what the subject is looking at, yet this is an 
important guide for him when interpreting the subject’s responses. 


APPARATUS 


The Rayleigh Equation experiment described in this chapter used 
two disks, each of eleven centimetres in diameter, fitted with black 
backgrounds twenty centimetres in diameter, which rotated with 
the disks, The standard disk was to the left, with a gap of about 
one inch between the disks, so that the backgrounds overlapped. 
The disks were mounted on two Marbe rotators driven by a quarter 
horse-power motor at a speed which eliminated flicker. The standard 


disk was composed of one go° sector of lemon yellow paper attached 


to a circular white disk which was slit from the centre radially along 
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one edge of the yellow sector, so that a black disk, similarly slit, 
could be slipped through it. The trio of papers showed at one extreme 
only white and yellow; at intermediate points it showed combinations 
of white, black and yellow; and eventually the black disk covered 
the yellow as well as the white. In appearance it underwent a 
perfectly continuous change from white to black, the intermediate 
stages being yellows of least saturation and greatest brightness at 
the white +yellow end, and of greatest saturation and least brightness 
at the black-+yellow end. The amount of variation actually employed 
in the tests and experiments did not exploit the extreme positions at 
all, and simply represented small variations in the proportions of 
black and white to yellow in the middle region. They were small 
changes in the brightness of a rather desaturated yellow. The go° 
yellow sector was itself a saturated lemon, but the degree of desatura- 
tion required to match it with the red+green variable disk was three 
parts of grey and one part of yellow of equal brightness. The red+ 
green combination, although both colours were themselves saturated, 
therefore made a yellow three-quarters desaturated, although they 
were both polychromatic colours. One or two subjects were found 
for whom the go° sector of yellow could not be kept constant, but 
had to be reduced as the red-green disk approached the green side. 
This was very unusual, and for these subjects a special standard 
disk was kept and fitted to the Marbe rotator if required. In this disk 
the yellow was independent and could be varied by hand if the 
rotator was stopped. 

The variable consisted of a red and a green circle split in the 
ordinary way and fitted together to form a disk which could be 
changed from red to green through all intermediate stages. The red 
and green chosen were coloured papers as near as possible to the 
colours called pure red and green in the spectrum. Thus the green 
was neither yellowish nor blueish, and the red was neither vermilion 
nor carmine, The variable disk started pure green at one end, and 
passed through yellowish greens to the pure desaturated yellow, 
which many people called fawn, and then it became more and more 
orange until it ended a pure red. For all but a very small number of 
subjects the red was somewhat darker than the green, and the yellow- 
black-white disk had to be darkened to match the red-green disk 
continuously in passing from green to red. à 

A yellow-blue equation was arranged with a variable yellow and 
blue disk and a standard grey disk composed of a 30° sector of green 
diluted with variable proportions of black and white. It would have 
been possible to set up this test with a slightly more violet blue, which 
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would have been exactly complementary to the yellow. This pair 
would have made a grey perfectly matched with a black and white 
standard without the 30° sector of green. It was preferred, however, 
in this experiment, to imitate the Rayleigh Equation by choosing a 
blue and yellow not quite complementary. In practice the green- 
black-white disk appeared black, faintly greenish black, grey or white, 
according to the proportions of black and white in it. Thus, starting 
at the completely black end, at first the green was revealed by the 
black, and made a very dark desaturated green, and then the green 
was completely desaturated by the addition of white so that in the 
middle the mixture appeared purely grey, while at the other end it 
was perfectly white. It is true that this particular grey could not have 
been made without a 30° sector of green, but in practice it did not 
appear green in the mixtures used in the experiments, although the 
green in it was the exact equivalent of the extent to which the blue 
and yellow were not complementary. 

In setting up these experiments, as in all the experiments des- 
cribed in this book, the plans were not settled on arbitrary rules 
decided beforehand, but the exact details were the result of a series 
of preliminary trials on a number of subjects. 

Marbe Rotators enable the coloured disks to be varied while 
rotating. Dr. Mary Collins assures me that it is possible to do this 
experiment efficiently with a rotator which has to be stopped for 
each adjustment, but it is difficult to avoid putting greater confidence 
in an experiment in which the disks can be altered and the scales read 
without stopping the engine. In a private discussion she suggested 
that it was an advantage to stop the rotators to give the subject of the 
experiment a rest during which visual fatigue for the colours might 
be overcome. This might be an advantage in her experiment, in which 
the two disks were concentric and the subject could fixate a point on 
the line of demarkation between them. This would fatigue neighbour- 
ing areas of the retinae constantly in certain ways and tend to 
reduce the sharpness of any contrast between the variable and 
standard. In my form of the experiment, however, the subject must 
look from one disk to the other, as a result of which the same areas 
of the retinae are fatigued in opposite ways at every change of fixation. 
The contrast, if any, between the disks, is accentuated, not diminished 
by separating them, and fatigue for the colours is reduced, so that 
the technique of stopping the disks for each reading is of no advan- 
tage. The subject may rest his eyes at any time during the experiment, 
if he wishes to do so. The Marbe Rotator provides for readings at 
least as small as half-millimetres on the scale, and one millimetre 
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corresponds to five degrees of change in the coloured disks on the one 
instrument and for six degrees of change on the other. They are 
accurately made and efficient instruments of excellent workmanship. 

The coloured papers used in this experiment were: 1, the red 
Hering paper sent me by Dr. Collins, as used in her experiment, 
which reflects red, orange and some yellow and violet light; 2, the 
lemon yellow paper by Zimmermann, which reflects red, orange, 
yellow, yellow-green and green light; 3, the pure green paper by 
Zimmermann, which reflects yellow-green, green, blue-green and a 
very small amount of red light; 4, the pure blue paper by Zimmer- 
mann, which reflects green, blue-green, blue, violet and a little red 
and yellow-green light. The light reflected by these papers compares 
well with the polychromatic light transmitted by ordinary colour 
filters. Thus the red is complementary to blue-green, the green to 
purple, the blue to a yellow very slightly orange and the yellow to a 
- blue very slightly violet. The four colours, though polychromatic, 
are a nearly pure red, and a pure yellow, green and blue. 

The two disks were illuminated by a 60-watt pearl lamp in a 
holder like a motor-car headlamp which has a white enamel parabolic 
reflector and in which there is a frosted daylight-blue front glass. 
All streaks of light coming out in unwanted directions were blocked 
by a black cloth cover, and the lamp was placed slightly in front of 
the subject and below his line of vision. The subject sat at two metres 
from the disks, which were brightly illuminated, so that, although 
the room was darkened the subject did not work under conditions 
of dark adaptation. Two four-volt lamps with appropriate shades were 
arranged for the experimenter to read the rotator scales, and were 


provided with a special switch and turned off while the experiment 
was in progress. 


TECHNIQUE 


The technique adopted was a special modification of the limiting 
method which is used extensively in psycho-physical experiments. 
The test was begun at a ratio of red to green which the subject saw 
as redder than the yellow-black-white disk. The latter was now 
adjusted until the subject said it was darker than the red-green disk, 
irrespective of any colour difference. Next the yellow-black-white 
disk was brightened step by step until the subject said ıt was equally 
as bright as the red-green disk, and still more until he said it was 
brighter. This Process was then reversed until it became darker 
again, and in this way a mid-point was obtained at which it looked 
equally as bright as the red-green disk. The subject was then asked 
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to report upon and describe any colour difference between the disks 
which he might see. If the red-green disk did not then appear redder, ` 
more orange, more fawn, more brown, or other colour on the red side, 
the whole test was started again at a ratio with more red, until it 
did appear redder. After the first position had been determined in 
this way, and the subject’s name for the colour difference had been 
recorded, a series of similar readings was taken with smaller and 
smaller proportions of red and larger proportions of green, until a 
ratio was obtained which appeared greener when the brightness levels 
of standard and variable had been equalised by adjusting the bright- 
ness of the standard. The results were recorded during the experiment 
in three columns. The first column showed scale readings from which 
the proportions of white, black and yellow in the standard could be 
calculated; the second showed readings from which the proportions 
of red to green could be calculated; the third gave the subject’s name 
for any colour difference observed, and showed equality of hue when 
there was no perceptible difference. These results gave the limits 
of the range of possible matches for hue, when brightnesses had been 
equalised, and the mid-point of this range, from which the deviations 
in the Rayleigh Equation could be determined. 

The disks were then changed and the yellow-blue test was 
carried out in the same way, starting on the blue side and moving 
towards yellow, always establishing a brightness equality before 
the subject’s report on colour equality or difference was considered. 
This was an absolutely vital point, as the aim of the test was to 
determine the range of colour matches possible for each subject 
while brightnesses were equal. Sooner or later, with all normal 
subjects, the limits of this range are reached, and a colour difference 
is established although equality of brightness is still maintained. 
Some critics may say that the whole test should have been repeated 
ascending and descending series, until an 
of readings could be taken, which is 
d. In the present experiment, however, 
ned by this, because it is essential to 
d that is compatible with accuracy, 
m quarter to half-an-hour, it is 
he subject would have become 
been wholly unreliable. 
blind subjects were detected 
nge of colour matches they 
s of five degrees of change 
re usually adequate, but 


several times in a group of 
average for a number of sets 
usual with the limiting metho 
nothing would have been gai 
Proceed with the greatest spee! 
and, since the tests described took fro 
clear that in a prolonged experiment t 
so fatigued that the results would have 

In doing the red-green test any colour- 
Without fail, because of the enormous ra 
could accept. With all normal subjects step 
in the red-green or yellow-blue mixture we: 
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with colour-blind subjects it was often necessary to take steps of 25° 
in the red-green test. 

With a very large proportion of the subjects a five degree change 
in red and green or yellow and blue required a change of about five 
degrees of black and white. Thus, after a number of subjects had 
been tested it was possible to use a quicker technique. After finding 
the brightness level for the red or blue appearing disk, it was possible 
to change both disks together, instead of re-determining the bright- 
ness level for each red-green or yellow-blue step. Then the subject 
was frequently asked to report on the brightness match, and, if 
not satisfactory, it could be re-determined forthwith. In testing any 
colour-blind persons great care was required in correctly determining 
brightness equality, because they unconsciously exploit brightness 
differences as indications of colour difference. This applies especially 
to those with darkened red, who always tend to call a hue redder 
than another, if it is darker and they suspect a colour difference. 

For the most part the subjects were taken singly. Sometimes 
it was convenient to bring two into the room together and to test 
them in order, first with one set of disks and then with the other. 
This saved time in changing the disks and gave the subjects a rest 
between the two parts of the test, but care was taken to prevent 
the waiting subject from interfering even unintentionally by a 
gesture or chance remark. The disks were left in position after a 
test, covered with a black cloth, and the next subject tested would 
therefore do the two parts of the test in reverse order. Consequently 
on the whole as many started with the red-green as with the yellow- 
blue test, and practice effects were thus on the average equally 
distributed over the two parts. 

The general import of the experiment was explained to each 
subject. He was shown that the disks would possibly appear the 
same colour at certain positions, and was told that the aim of the 


test was to find out how good he was at detecting any differences 
which might exist. 


difficulty was met with at all but occasion 
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laughed at occasionally, and this may make them hesitate to admit 
that any two colours are exactly alike, even when they know quite 
well in their own minds that they themselves cannot see any difference. 

Those with an obstinate fussiness over admitting equality between 
colours generally considered equal by the majority, are not necessarily 
the most sensitive. They may be merely the most obstinate. 

Testing normal people under the conditions described is compara- 
tively easy, once the psycho-physical technique has been mastered. 
It is always essential to avoid the use of any colour names which 
might suggest to the subject what he is expected to see. He must 
be made to offer the names and to decide between equality and 
difference strictly without help of any kind. In testing the colour 
blind these principles must be observed with the most rigid care. 
It is absolutely essential with all colour-weak and colour-blind 
subjects that no colour names may be used by the experimenter 
which the subject does not himself use. If the subject calls the red 
disk “ green” and the green disk “red”, then the experimenter 
adopts this terminology for the time being, and shows no surprise 
whatever. Occasionally ‘this is somewhat confusing, as when a 
subject insists on calling the yellow disk “ red”, the red one “ green” 
and the green one “yellow”, but the subject must not on any 
account be corrected until the test is over. Many a man has passed 
a colour test by noticing the way in which the tester used a colour 
name and drawing his own inferences. In addition, many colour- 
blind persons not infrequently offer a colour name as a bait, and when 
they see the surprise it occasions and are corrected they know where 
they have gone wrong. There is another reason for the avoidance of 
colour names except as the subject uses them. In the early stages of 
this work I explained to a man that the red-green disk would be 
varied, the yellow-black-white one adjusted to match it in brightness. 
He interjected, “ Hold on a minute, where’s the green, I don’t see 
it!” After that I had the greatest difficulty in convincing him that the 
whole experiment was not some kind of hoax, because I had called a 
sector green which was to him light red. He almost refused to be 
tested unless a disk was produced which he was prepared to call 
green, and as he was a red-green blind man, it would have been a 
misfortune to have lost his results merely through the error of using 
a colour name unwisely. The best course is to invite each subject 
to name the sectors at the start of the test, to use the names as he 
uses them and to note them in the record book at the time. i 

If the subject has any peculiarity of colour vision in the tests it 
will be necessary to encourage him to report his experiences with 
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colours. Indeed, it is a good plan to ask beforehand whether the 
subject can remember any differences of opinion about the colours 
or colour names of every-day articles, and to talk about any discus- 
sions he may have had with his friends on these points. Such notes 
often throw much light on the effect of colour weaknesses in every- 
day life. Some subjects are reticent. A sharp denial sometimes 
betrays a need to hide some defect. Many subjects do not realise 
until after the test that one is interested in such small colour differ- 
ences, and, indeed, what we call large colour differences necessarily 
appearsmall to the defective. Most will find this part of the experiment 
very interesting, and information about relatives may often be 
gleaned and they may be invited to come to the laboratory for a test. 
In general it is useless to ask if a subject’s relatives are colour blind. 
A concrete approach is better, and it may be found that the maternal 
grandfather, perhaps, could not pick ripe tomatoes, or once stupidly 
painted a door green to match a brown house. Such points are of 
much interest. 

However sympathetic we may be with persons who have colour 
weaknesses and forms of colour blindness, it is not our object in 
testing them to assist them to pass tests which they find difficult. 
We are concerned purely and simply with the problem of making an 
accurate measurement of their colour vision. Often the results seem 


between a green and a fawn skein of wool. If he can hesitate over 
this difference, concerning which no person with normal colour vision 
could for a moment have any doubt, and if he can finally decide 
almost with certainty or indeed with ‘exaggerated confidence, that 
the difference is perceptible, then he has unquestionably a marked 
defect. To give him the benefit of the doubt on the ground that he 
was right in the end would be unjust to the normal as well as to him. 
Simple application of the principle of strictness would save much 
time and many errors, because some testers seem to have as much 
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them, and it is not a necessary part of the test that he should be made 
to agree that he is defective. 


OTHER PsycHo-PHYSICAL METHODS a 


Many experimental psychologists may say that the “constants ” 
or the “ mean error ” methods should have been used rather than a 
form of the “ limiting method”. *For the constants method a set 
of positions for both disks would have to be arranged for each subject 
to be tested, so that they could be used in a pre-determined irregular 
order, This would prevent him from foreseeing the expected 
changes from difference to equality and back to difference again, as 
he often does when the limiting method is used, but it would not 
prevent him from guessing, even unintentionally, about the next 
stimuli to be presented. The need for a pre-arranged set of positions 
in this experiment would greatly increase the labour of testing, and, 
with many subjects whose colour vision was abnormal, a previous 
test by the limiting method would be necessary before the constants 
method could be applied. On the other hand results obtained by the 
limiting method can easily be checked by a few additional tests taken 
at random over the critical points, and this was done in every case 


where any doubt remained. 


In other experimental work I have found the limiting method far 


outweighs the constants method in flexibility and always has the 
advantages of simplicity for the tester and of not confusing the 
subject by sudden and random changes in the variable. The supposed 
advantages of the constants method are not sufficient to compete with 
the simplicity, practicability and systematic character of the limiting 
method for work on large numbers of subjects, many of whom have 
no previous experience in psychological testing, and among whom 
the variations of sensitivity to be found are not previously known to 
the tester. It is possible, though very doubtful, that the constants 
method may have some advantages for work with very experienced 
subjects who have to repeat the same experiment a large number of 
times. 

As a practical method of testing the mean error method is as 
unsatisfactory as the constants method, but for different reasons. 
The essential characteristic of the limiting method is serial presenta- 
tion of stimuli to be perceived or compared, starting with a percept- 
ible stimulus or difference, passing through equality and proceeding 
to another perceptible difference at the other end. This is repeated 


* For a description of these methods see Myers.* 
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as often as necessary, both in the “ ascending ” and the “ descending” 
directions. The essential feature of the constants method is the 
irregular presentation of a pre-arranged series of differences, includ- 
ing both the perceptible and the imperceptible, sufficiently often 
repeated for an average level of perceptibility to be estimated. The 
essential of the mean error method is that the subject is in control and 
makes the adjustments for himself, usually starting with a decidedly 
perceptible difference and adjusting the variable stimulus until 
equality is just reached. This is repeated until an average point of 
equality can be calculated. The mean error method might be des- 
cribed as the obvious one, which would immediately appear best to 
a person untrained in psycho-physical experiments, while the con- 
stants method is the one which would appear obviously best to the 
person who had had much scientific training and little practical 
experience of psycho-physical work on a large scale. Experience 
does not confirm the presumptions that the mean error method is 
either the quickest, the most reliable or the fairest to the subject. 
The Marbe rotator is fitted with pulleys over which a cord may be 
passed for the subject to use in adjusting the disks himself, and so the 
mean error method could be applied to this experiment. This 
method, however tempting to the inexperienced, gives the subject 
almost unlimited opportunities to hesitate and make tentative 
readjustments. It is much slower and far less reliable than the 
limiting method. If we insist, as Houstoun did in his microscope 
test,” that the subject must not correct an adjustment once it is made, 
we may gain in speed, but we may commit the subject to an “ error ” 
which he himself could Possibly have detected under better conditions, 
and it will pass for a genuine measurement. Houstoun himself shows 
that the range of error possibly involved in his readings was very 
large. To apply either the constants or the mean error method to an 
experiment like the Present, in which both standard and variable 


disks had to be adjusted systematically, would be exceedingly difficult, 
though no doubt they could be a 


who took the trouble. The “ method of serial groups ” 


> would be even more complex in its 
application to this experiment. 


SUBJECTS 


The experiment was carried 


out on 103 men and 98 women who 
had normal colour vision or sligh 


t weaknesses, on 21 men and women 
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who were major red-green defectives and one man who was reason- 
ably classed as yellow-blue blind. All the defective subjects were 
not obtained by chance. They will be discussed in the next chapter. 
Most of the subjects were students at Glasgow University, some from 
the Psychology Department, others from the Fire-Watching pickets, 
and on the whole they were about equally divided between the Arts 
and Science Faculties. Objections have been raised in conversation 
with critics, that no subjects should have been taken for this experi- 
ment except those trained in making physical measurements. But 
it was simply a comparison of individuals with a statistical norm 
on a standard procedure, like other common psychological tests. 
People are not trained in physical measurements before they go to 
an occulist, and, if a colour vision test is to be of any practical value 
it must be suitable for any subjects without previous special training. 
T have found no evidence that those with training in making physical 
measurements are any better at colour-vision tests than the general 
population, and those who have weaknesses in colour vision are 
most decidedly worse, even if they are trained in making physical 


measurements. 


NORMAL AND ABNORMAL COLOUR VISION: TERMINOLOGY AND 
TREATMENT OF TEST RESULTS 


Houstoun has shown, by his microscope test,’ that in colour vision 
the ability to distinguish red from green is subject to normal variation 
and is well explained by the normal curve for all people with good or 
moderately good colour sensitivity, but that the red-green blind tend 
to form a well marked separate curve, connected with the main group 
by a small bridge. Thus the number of intermediates is smaller than 
the number of colour-blind subjects who form the peak of this 
separate curve. In other words, colour blindness is the result of a 
discontinuous variation, and must be the product of special causes 
or factors rather than an extension of ordinary colour weaknesses. 
My results fully support Houstoun’s conclusion, but the study of 
Colour-blind subjects will be reserved for the next and for later 
chapters, l } 

At this point it will be an advantage to explain certain terms which 
will be used throughout, although the detailed evidence which shows 
that they are necessary will be given as we proceed. The term 
“range” or the expressions “matching range” or “range of 
Matches ” will be used to refer to that range of red-green mixtures 
which the subject can match for hue with the standard yellow of equal 
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brightness, for the range of yellow-blue mixtures which he can match 
with the standard grey, or for any other combination of colours used 
in the same way. It is, in technical terms, the double differential 
threshold (just noticeable difference) for colour, when brightness 
is held constant. The term “ deviation ” will be used for the differ- 
ence between the mid-point of the range of matches of a given subject 
and the mean of the mid-points of the ranges of the normal group or 
population tested. In many cases it will be more convenient to refer 
to the subject’s performance in terms of “ range ” and “ mid-point”, 
than in terms of range and deviation. 

The terms “ normal ”, “ colour weak ”, “ deviant”, ‘‘ anoma- 
lous” and “colour blind” will be used in the following ways: 
Normal subjects have a very small range of matches and a very small 
deviation, if any, and, although their ranges are so small, they gener- 
ally accept the average mid-point as a satisfactory match with the 
standard, or, if they reject it, they do so by a very narrow margin 
indeed. The colour weak have a very small deviation, but amoderately 
large range of matches, and they very rarely reject the average mid- 
point as a satisfactory match. The deviants have a moderately large 
deviation and a very small range of matches, so that they reject the 
average mid-point, but by a moderately small margin. The anomalous 
have a small range, in general almost as small as the normal, but a 
very large deviation, and they invariably reject the normal mean 
matching point by a very large margin indeed. The colour blind 
have a small, moderate or even a large deviation, though not often 
as large as that of the anomalous, but they have a very large range of 
matches indeed, so‘that, however great their deviation it is excep- 
tional for them to reject the normal mid matching point. If they do 
reject it, they are not satisfied or confident, whereas the anomalous 
find the normal mid matching point as absurd as their average 
matching point appears to the normal. The deviations found in 
the colour blind are very variable, and so are their matching ranges. 
On the other hand the normal, deviant and anomalous are relatively 
constant in both these respects. 

In spite of the implications of Rayleigh’s, Houstoun’s or Collins’ 
work, deviation is not the variable characteristic which leads from 
ee T colour blindness. The true intermediates between the 
r a N 
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necessary that the terminology should be given here. These classes, 
the colour weak, deviant, anomalous and colour blind are again open 
to sub-division: colour weakness may be in one, two or more colours; 
deviants may show their peculiarity in one colour or in two together, 
such as red and blue, but not in complementaries together; the 
anomalous may be abnormal in red or green, and the red anomalous 
do not always have the darkened red of the protanope; the colour ` 
blind may be divided for convenience into moderates and extremes, 
and again into protanopes (with darkened red), deuteranopes (with 
red of normal brightness) and deviant deuteranopes; yellow-blue 
blindness is occasionally found; total colour blindness (not of 
hysterical origin) has been reported by other workers. ` 

Quantitative limits for these different classes of colour defect 
will be discussed when the statistical data have been given. The rare 
colour-weak subjects with very large ranges are specially interesting 
because they might be intermediates between normal colour vision 
and colour blindness. Similarly, the few red-green blind subjects 
who reject the normal average matching point for the population are 
also specially interesting because they might be intermediates between 
the colour blind and the anomalous. These and other types of 
intermediates will be discussed in due course. 

In the use of the Rayleigh Equation it has been customary to 
express the deviations obtained as ratios of red to green or of green 
to red required to match the standard yellow. Houstoun® pointed 
out that the distribution of these fractions for a population tested 
would differ according to the use of the red or the green quantity as 
the divisor. He proposed that the logarithm of the ratio should be 
employed, since this would be unaffected by the inversion of divisor 
and numerator in the fraction, and Collins has followed his example.’ 
Since it is absolutely essential to consider ranges as well as deviations, 
and to define a given subject’s performance in terms of both classes of 
measurement at the same time, the use of fractions to express the 
deviations could lead only to confusion, and logarithms of fractions 
would be even worse. In the present experiments and tests, the 


quantitative data will be used to compare the performance of each 


individual with the mean and the variability of the population tested. 


In doing this the use of plain measurements will be most satisfactory. 
They apply to one test under strictly standardised conditions, and 
do not have the apparent universality of ratios and logarithms. In 
the rotating disks test the readings will be in degrees measured on 
the circular disks ; an individual’s range will be so many degrees of 
the red-green or yellow-blue mixture, and may be compared directly 
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with the normal or most frequent range; his deviation will be so 
many degrees towards the red, green, yellow or blue side of the average 
matching point of the population. We are not trying to make a 
physical measurement, but to compare individuals on a standardised 
test and technical procedure. If the technique and exact set-up of 
the test are kept strictly constant, then all persons tested may be 
compared directly, but no variations in apparatus or technique can 
be permitted once the experiment has been started. If improvements 
or alterations are introduced for any reason, then the test becomes 
invalid and must be started all over again. 


SpLIT HALVES OF THE TESTS 


A criticism might be raised against the rotating disks tests, that 
the paper disks, which have to be changed repeatedly, may become 
soiled by handling, however carefully it was done, or that their 
colours might fade owing to exposure to light. This difficulty was 
met by dividing the whole group of subjects into two halves, the 
first and the second 50%, for each of the two tests (red-green and 
yellow-blue). The mean deviations for each half were calculated 
separately, and it was found that. there was no statistically valid 
difference between the halves of either test. Thus it can be assumed 


confidently that neither soiling nor fading of the Papers can have had 
any effect on the results, 


DIAGRAMS OF RANGES AND Mip-Points 


Diagram II shows the frequencies of the mid 


matching points 
for all subjects. The red- oh 


‘ green test results are shown in a continuous 
line and the yellow-blue in a dotted line. Colour-blind subjects are 
excluded. It will be noticed that the red-green and yellow-blue 


Curves are very closely similar. The yellow-blue curve extends more 
in the direction of blue than the red 


indicates that in this form of test 


n and the other to yellow. This 
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Diagram II, Rotating Disks Experiment: Mid-Matching Points in Degrees : 
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curves of the previous diagram in which only the mid-points were 
shown. Again, however, the red-green and the yellow-blue curves 
are very nearly the same for these subjects, none of whom were colour 
blind or anomalous. The blue-yellow curve is more extended in 
both directions, indicating that these colours are more frequently 
weak than red and green. The curves are almost symmetrical, but 
there is a tail in the direction of green, showing that green is more 
frequently weak than red. Both curves show a tendency towards a 
shoulder at the right-hand side, that is to say the red and blue 
respectively. This might suggest that the technique of the experiment 
had an influence on the shape of the curves obtained, because the 
Successive steps taken passed from red towards green and from blue 
towards yellow. The shoulders on the curves might indicate that 
the subjects were inclined to anticipate the change from “ redder ” 
or “bluer ” to “ equality”, and also the subsequent change from 
“equality” to “greener” or “ yellower”, However, curves 
obtained in later experiments, in which several variations of technique 
were introduced, still showed the same tendency for shoulders on the 
red and blue sides, and therefore it is more likely that these shoulders 
indicate true characteristics of colour vision rather than effects of 
the technique. 

Diagram IV shows the frequencies of all matching points for all 
Subjects in the red-green test, including the colour blind and the 
anomalous subjects. It must be remembered in studying the curve, 
that 19 red-green blind subjects, 5 of whom were women, would not 
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be found by chance in a sample of 120 men and 102 women. The 
frequency of major red-green defects is about 7% among men, 89,10,11 
as a conservative figure, and less than 0.5% among women. To 
obtain 14 red-green defective men and 5 red-green defective 
women about 200 men and 1000 women would be required. In 
order to grasp the true relationship between red-green defectives 
and the rest of the population, therefore, the reader may imagine 
what this graph would look like if the base remained as it is and the 
narrow central peak were about six times its present height. The 
base would then represent the colour blind and the tall peak the 
normal population. Such a graph, and other similar graphs, which 
will be given later, strongly support Houstoun’s view that red-green 
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blindness is a form of variation discontinuous with the variations of 
Normal colour vision, and confirm the truth of the results of his 
Microscope test although they were subject to a large amount of 
random error. 

The frequencies of different matching ranges for normal subjects 
are shown in Diagram V. The continuous line shows the red-green 
ranges and the yellow-blue ranges are shown by the dotted line. It 
will be seen that the modal range is the same for red-green and for 
yellow-blue tests, and that the curves almost coincide up to a range 
of about 60° of change in the colour mixture. Beyond this limit the 
ted-green ranges would extend to more than 300° if the colour-blind 
Subjects were included, but the inclusion of these subjects would not 
Change the distribution of yellow-blue ranges. In the diagram shown 
it will be noticed that the distributions of ranges in both tests are 
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strongly skewed, there being more subjects with fairly large ranges 
than with very small ranges. Jndeed, extreme sensitivity is rarer 
than moderate weakness, when considered in terms of mere measure- 
ment, although, of course, from the statistical point of view the 
moderate ranges represent the normal condition, while both extreme 
sensitivity and extreme weakness are statistical abnormalities. 


- DEVIATIONS AND Mip-Points 


Table 7 shows the distribution of mid-points for the red-green 
test, grouped according to approximate multiples of their standard 
deviation. The multiples are approximate because the standard 
deviation is a fraction, but no measurements of less than one degree 
were recorded. This table makes it clear that subjects may be 


TABLE 7 


SUBJECTS IN THE RED-GREEN ROTATING Disks Test, GROUPED ACCORDING 
TO MULTIPLES OF THE STANDARD DEVIATION OF Mip-Pornts 


“Normal”: “ Deviant”: “ Extreme Deviant”: 
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classified conveniently as “normal”, “deviant” or “ extreme 
deviant ” according to the standard deviations of the mid-points. 
Anomalous subjects are much more extreme and could not be 
included in this table. If the mid-point of the subject differs from 
the mean of all the mid-points by less than the standard deviation in 
either direction, then he may be called normal; if it differs by one or 
more times but less than twice the standard deviation, then he may be 
called a deviant; if it differs by two or more times but less than three 
times the standard deviation, then he may be called an extreme 
deviant.* If the deviation is much more extreme than this he will be 
anomalous. This classification does not take matching ranges into 
a so that a number of these deviants will also be colour-weak, 
; is me a oa ie A poe with the largest deviations, and some 

j ave no deviation. In this test there were about 
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he distinction between deviant and extreme deviant was given up afterwards. 
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80% of normal subjects, and about 10% each of red and green 
deviants. This distribution does not differ significantly from a normal 
distribution, in which the expected frequencies would be 68% normal 
and 16% each of red and green deviants. The figures in Table 7 
suggest that women are less trequently deviant than men and that 
they are more frequently green than red deviants. If we calculate 
Chi-squared on the assumption that, were there no such differences, 
the 14 women deviants would be distributed in the same way between 
the green and red deviant classes as the men, then the probability of 
obtaining the observed distribution by chance is between 2% and 
3%, and not statistically significant. In the same way the proportion of 
women deviants does not differ from the proportion of men deviants 
by a margin which even approaches statistical significance. Women 
are as often red as green deviants and as often deviant as men. Hence 
we may conclude that this condition is not due to sex-linked inherit- 
ance, though the question of heterozygotes will be raised later. This 
is one of the most important reasons for treating deviants separately 
from the anomalous, a distinction not made by earlier workers,” who 
reported far more “anomalous” subjects. Many of their “anomalous” 
must have been marked deviants covered by the normal curve; 
others were probably colour-weak subjects who had happened to 
choose rather extreme matches when tested. 

Table 8 shows the frequencies of deviations in the yellow-blue 
test, again grouped in approximate multiples of the standard devia- 
tion. In this table it will be seen that again about 80% of the subjects 


TABLE 8 


SUBJECTS IN THE YELLOW-BLUE ROTATING Disks TEST GROUPED IN 
MULTIPLES OF THE STANDARD DEVIATION OF MıD-POINTS 


| | . 
“ Extreme Deviant ”: 


“Normal”: “ Deviant ”: 
Less than | 1 or more but less than | 2 or more but less than 
I X sigma 2 x sigma | jx sigma rte 
o 
°-188° 89°-196° | 164°-171° | 197°-205° | 156°-163 
— ELON BLUE | YELLOW BLUE 
Men 80 g | 8 | 5 1 103 
Women .. 85 e 6 I I 9 
OTALS | 165 | 4 | 14 6 | 2 201 


are normal in yellow and blue, about 7% are yellow or blue deviants 
and a smaller proportion are extremely deviant. Again, women do 
Not differ significantly from men. An important point is that there 
are no yellow or blue anomalous subjects. Evidently small yellow- 
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blue deviations are not sex-linked and there are no subjects corres- 
ponding to the sex-linked group of red and green anomalous men. 

There is no simple correspondence between the red-green and 
the yellow-blue deviants—the yellow or blue deviants are not 
necessarily the same subjects as the red or green deviants. In other 
words, marked weakness in any one of these four colours may occur 
independently of weakness in any other colour. This conclusion will 
be confirmed when correlations between colour weaknesses are 
discussed. 

Of the six yellow and two blue extreme deviants, it is interesting 
to record the following notes. The most blue deviant man did not 
know of his weakness before doing the test, and was then unable to 
understand how he came to make this unusual response. On re- 
testing there was no improvement. Of the six yellow extreme 
deviants, one man, on being confronted with his peculiarity, said, 
“ Oh! Yes, I knew long ago that I sometimes confused yellow and 
white”. The others knew of no defect, nor did one of the blue 
extreme deviants, but the other confided later in a private conversa- 
tion that he had sometimes thought a dark blue book cover was 
black. The yellow extreme deviants do not have any difficulty with 


Tables, because they see the yellow 
s still clearly different from blue. 
e blue-green plates, but so do many 
ness in yellow. The blue extreme 
-yellow plates easily, because the blue, 
ore grey than for the normal, is still 
w. They also have difficulty with the 
many people with little or no weakness 


mid-points of men and wo š (sigmas) of the 


THE ROTATING DISKS EXPERIMENT 73 


and the standard errors of these differences. These differences are 
both statistically significant and show that men tend to be more 
scattered in both tests than women, anomalous subjects and colour 
blind excluded. - 

TABLE 9 
DIFFERENCES BETWEEN STANDARD DEVIATIONS FOR MEN AND WOMEN 


Red-green Yellow-blue 


sigma sigma 
Men 6-60° 8-48° 
Women . 478° 581° 
Difference 182° 2°67° 
S.E. Diff. “57° Ey lit 
Diff./S.E. Diff. 3°19° 376° 


MATCHING RANGES 


Table 10 shows the ranges of matching in the red-green test, of 
all subjects except the colour blind, whose ranges are so great that 
they cannot be readily included in the same table. The ranges for 
men and women in both tests can be compared. It will be seen that 
the distribution of ranges is strongly skewed. The modal range for 


TABLE 10 


HALF-RANGES OF MATCHING IN THE Rep-GREEN AND YELLOW-BLUE 
Tests FoR MEN AND WOMEN 


Half-Range of Matching in Degrees 


Less 

than | 2-|5—| 8-|tI-|14- 17-|20-|23-|26-|29-|32-|35-|38-| 

1 |4 | 7 | 10] 13| 16] 19) 22) 25 28 | 31| 34) 37 |40 Totals 
Rand | M. 2 |r9|36/24| 12/4) 2} 4] °] 2/2] See] 793 
G W. 2 |22/as}73| SISTIS aE S ojojo 98 
Yand | M. 26|3x}r4}r2] 7/3] 5/2]2])/°)°]2]°] 799 
B W. 3 27 a io | 70 || 4 | 4/1277) | a A 98 


men and women in the red-green test is 5—7 degrees, and it is 
almost the same in the yellow-blue test. There are no fractions of 
degrees in the readings. There is a decided tendency for the number 
of large ranges to be greater in yellow and blue than in red and green. 
In other words there is a tendency for more yellow-blue weak than 
red-green weak subjects. This was confirmed by all subsequent 
experiments. In the yellow-blue distribution four red-green blind 
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and two green anomalous men subjects who fell into the sample of 
109 by chance have been included, because they do not have 
corresponding weaknesses in yellow and blue. It is convenient to 
regard all subjects with more than twice the modal range as showing 
a decided weakness in the colours in question. This criterion has been 
chosen because it is statistically convenient and also corresponds well 
with the level of colour weakness which has a noticeable effect in 
daily life. If we take this level as satisfactory, then there are eleven 
men and 18 women who can be called red-green weak, whether or no 
they have a marked deviation in the Rayleigh Equation. This sex 
difference has a probability between 0.02 and 0.01 by the Chi- 
squared technique, and very strongly suggests that women are more 
often red-green weak than men, excluding the anomalous and colour 
blind. It will be seen in the next paragraph that there is probably 
a good reason for this sex difference. In the yellow-blue test there 
are 21 colour-weak men and 14 colour-weak women, but here the 
probability is between 0.10 and 0.05, and cannot confidently be 


regarded as of any significance. This corresponds with the finding 
that yellow-blue weaknesses are not sex-linked. 


INDIVIDUAL SUBJECTS 


Twice the modal range is a considerable colour weakness, and is 
often noticeable in daily life, while it may be detected sometimes by 
ordinary tests for colour blindness, though not with certainty. The 


bigger the range the more liable the subject will be to make slight 
colour matc 


olou hing and naming errors. The Ishihara Test, and others 
like it, are not sufficiently sensitive to detect ordinary small colour 
weaknesses with any degree of reliability, and the blue-green plates 
in Stilling’s Tables are equally unreliable for the detection of small 
yellow-blue weaknesses. The Ishihara Test fails the colour blind 
and the true red or green anomalous subjects, and, if it is applied 


very strictly, a certain proportion of subjects with small colour weak- 
nesses will be failed. as well, but in a wholly unreliable manner. 1213 
at it is moderately reliable for detecting 


Collins has claimed th 
subjects with very small colour weaknesses, but I have not been able 


to support her claim, 


green and yellow-blue weak, 
g- The term “ shade” she 


y perceptible. A pinkish 


pe l and a greenish grey would 
e ” if very little different è 


: ts 
differ in “ shad in colour, and two greys of 
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identical hue would also differ in ‘‘ shade ” if one were very slightly 
darker than the other, but if they were markedly different in hue 
they would be said to differ in colour. This is an example of the 
tendency which will be found more freely among the colour blind, to 
use brightness differences as guides to differences of colour which 
are imperceptible for them. A slight change of hue would often 
be accompanied by a slight brightness difference. By exploiting 
the term “shade ” in two senses she was able to guard herself 
(though quite unintentionally) against the possibility that other people 
might notice her slight difficulty in correctly naming very desaturated 
colours. She admitted this when it was pointed out to her. Another 
subject, who has a very marked blue-yellow defect also has the violet 
end of the spectrum much darkened.1® Darkened violet does not 
amount to a selective violet blindness, any more than. the familiar 
darkened red of the protanope amounts to a selective red blindness, 
because her defect is in both yellow and blue, just as the defect of 
the protanope is in green as well as in red. She has great difficulty 
in seeing the violet end of the spectrum, from the blue part onwards 
to the end, but this is coupled with a marked weakness in yellow. 
Other examples of darkened violet vision will be given later. 

A third woman subject who has no measurable defect in red 
and green or in yellow and blue in central vision, was found to call 
a red test-object of five millimetres diameter “ green ” in peripheral 
vision during an experiment on colour perimetry, at an angle at 
which other people had no doubt of its being red. She was surprised 
to find it red in central vision. She had a difficulty in finding green 
in a demonstration spectrum in slightly oblique vision, and reported 
calling the green jacket of a friend pink by mistake, when it, too, was 
seen in oblique vision. It was clear that her colour vision was abnor- 
mal, and she was asked to inquire of her mother if her father had 
ever shown any kind of abnormality in naming or matching colours. 
Her mother reported that her father always had a difficulty in 
seeing red poppies in a corn field, and he came to the laboratory and 
proved to be decidedly red-green blind, and for this defect the 
daughter was certainly heterozygous. His colour vision will be dis- 
cussed later, This example indicates the importance of a more 
thorou of peripheral colour vision. 

A io ee aa fect, who is a blue deviant, reported that 
she had a difficulty in distinguishing “ near shades” of blue and 
green, tending to call them green rather than blue. Later it will be 
seen that this tendency almost always accompanies blue weaknesses. 
These notes about individual subjects give a good idea of the extent 
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to which the effects of small defects in colour vision tend to bé 
apparent in daily life. 


WOMEN WITH CoLour-BLIND RELATIVES 


The majority of red-green blind and anomalous men are the 
offspring of matings between normal fathers and mothers who are 
heterozygous for the defect. Other matings can produce defective 
men, of course, but they are much less frequent, because they involve 
colour-blind parents. In the study of a totally sex-linked recessive 
character, such as red-green blindness, a simple calculation should 
enable us to determine the Proportion of homozygotes and heterozy- 
gotes in the female population, if we know the Proportion of males 
who show the recessive character.” Let this Proportion be p% and 
the remaining proportion of males who are normal be q%. Then the 
proportions of recessives, normals and heterozygotes in the female 
population will be as shown in Table 11, if we assume the single 
locus theory of inheritance, which will have to be reconsidered in 
Chapter X, and is almost certainly untenable. 


TABLE 11 


Proportions or Norma AND Rep-Green BLIND IN THE POPULATION, 
AND OF HETEROZYGOUS Women 


(on the single locus theory) 


Mates FEMALES 
Normal Col. Bl. Normal Heterozygotes Col. Bl. 
p q p? 2pq q? 
93% 7% 86-49% 13-02% 0:49% 


Here it is taken that th 
all types of deuterano 
is about 7%, which, though rather variab 


e proportion of red-green blind men, including 


: „ŝi ir average figure, and accords 
with the resu iments. In other words, every 
3 on the average be capable of 
having a colour-blind son. £ p 
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greater than the expected 0.5%, and it has been suggested that red- 
green blindness is not completely recessive. This would accord with 
certain findings of the present experiment, where one or two women 
who must have been heterozygous were almost weak enough to be 
classed as defectives. Clearly, such heterozygous women would 
not be detected by the study of deviations in the Rayleigh Equation, 
because there is very little difference in the numbers of deviants in 
the two sexes, and, if anything, men tend to be more scattered than 
women in their deviations. In the ranges of matching, however, 
women are distinctly more often colour weak in red and green than 
men, but there is no difference in yellow and blue. There is in conse- 
quence the possibility that some of these colour-weak women are 
heterozygous. 

In order to test this hypothesis all the women tested who knew 
that they were related to red-green blind or anomalous men or women 
were picked out and are classified in Table 12. On the basis of 
purely chance selection this method would not discover them all, 
because a proportion would not know of defective relatives who did 
exist, others who were heterozygous would have no sons, and others 
also heterozygous might have inherited the condition for any number 
of generations down the female side without a male colour-blind 
relative appearing—though this is not likely to be very common. 
For example, if Julius Caesar was colour blind one of the women in 
my 98 might have inherited the heterozygous condition from his 
daughter (if he had one) continuously down the female side. Table 12 


TABLE 12 
NUMBERS oF WoMEN CLAIMING CoLourR-BLIND RELATIVES 


Daughters Sisters Mothers Cousins Total 
Normal 
Women .. 5 4 o I Io 
R-G Weak 
Women .. 3 7 I o II 
Y-B Weak 
Women .. o 2 o o 2 


shows the relationship claimed, whether sister, mother, daughter 
or cousin. The table also shows whether the woman claiming the 
colour-blind relative is herself colour weak. Thus out of 23 women 
who were known to claim red-green blind relatives, eleven were 
red-green colour weak- and two yellow-blue weak. It would not be 
expected to find 23 such claimants in a sample of 98 women by chance, 
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but three of these were invited because they were known to have such 
relatives. It is interesting to compare these frequencies with the 
numbers of colour-weak women in the group as å whole: there were 
18 red-green and 14 yellow-blue weak women among the 98 tested. 
Thus it is known that 11/18 red-green weak, but only 2/14 yellow- 
blue weak women in a group of 98 were related to red-green blind 
persons. We do not know whether the remaining 7 red-green weak 
women had red-green blind relatives, but so large a proportion as 
11/18 could not be arrived at by chance. This is shown in Table 13, 
for which Chi-squared is about 48, and the probability of obtaining 
this distribution by chance is therefore exceedingly minute. 


TABLE 13 
WOMEN WITH CoLour-BLIND RELATIVES 
` Relation to No relation 
Colour Blind to Colour Blind 
claimed claimed 
R-G Weak Women Ir 7 
Normal Women 10 70 a 


It may be claimed on the strength of this table that women with 
colour-blind relatives are much more often colour weak than other 
women. Every woman who is the daughter or mother of a colour- 
blind man or woman, and who is not herself colour blind, must be 
heterozygous-for the defect, and those with colour-blind brothers 
or cousins may be heterozygous. It is therefore certain that most of 
the eleven red-green weak women listed in Table 11 were heterozygotes 
for red-green blindness, Many of those who claimed no defective 
relative may also be heterozygous, and it is clear from the table that 
yellow-blue weakness does not correspond to this condition. Men, 
however, may be as colour weak as women, without being colour 
blind, and, since they have but one X chromosome, they must be 
colour blind if they inherit the defective gene at all. Red-green 
weakness, therefore, is not necessarily indicative of the heterozygous 
condition. While we may say that many heterozygous women are 
measurably colour weak in red and green, but not in yellow and 
blue, all such colour-weak women are not necessarily heterozygotes, 
and all heterozygous women are not necessarily colour weak. So 
far as these results indicate, therefore, we are not in a position to 
detect heterozygotes by the rotating disks test with certitude, though 
we can do so with a considerable degree of success. It would be an 
interesting experiment to collect a sample of 50—100 women known 
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to be heterozygous for red-green blindness, because their fathers, 
mothers or sisters were known to be colour blind, and to compare 
with their red-green ranges those of as many normal men. 


CORRELATIONS BETWEEN COLOUR WEAKNESSES 


In order to find the degree to which colour weaknesses in the 
four colours red, yellow, green and blue were dependent on each 
other in the subjects tested in this experiment, calculations were made 
in the following way: The weakness of an individual subject in a 
given colour was taken as the measurement in degrees, from the mean 
for the whole group of the mid-points of the pair in which that colour 
appears, to the point at which he just discriminates that colour from 
the standard disk of equal brightness. This measurement of colour 
weakness takes both deviation and range into account. Colour 
weaknesses measured ‘in this way are normally distributed, and 
they are the only practicable basis for direct comparisons between 
degrees of sensitivity in all the four colours tested by the technique 
of this experiment. Thresholds for individual colours, measured 
against a grey standard, would appear to be more satisfactory in 
theory. Most of the measurements of colour weakness made in the 
way described above are negative quantities, they express the subject’s 
differential threshold as being at a point which is -x degrees from the 
average mid-point, and the sum of his weaknesses in colours measured 
in pairs is equal to his matching range in those colours (omitting the 
negative signs). In the case of subjects with small ranges and large 
deviations, however, one of the measurements may be positive and 
the other negative. This will happen wherever the range does not 
include the average mid-point of the normal group. If the signs of the 
two measurements are reversed, then the algebraical sum of his 
measurements of weakness in two colours taken as pairs in the experi- 
ment will still be equal to his matching range in those two colours. 
colour weaknesses have been criticised because they 
h rather than weakness, and we have no means of 
d deviant, for example, is more sensitive than the 
majority to green though there is often another way of showing that 
he is less sensitive to red. However, the experiment measures 
relative strength and weakness and, on the whole, the more colour 
weak a person is, the greater the negative measurements of weakness, 
but the more deviant he is in a given colour the more he tends to have 
positive measurements of “ weakness ” in the other colour of the 
same pair, and the larger those measurements tend to be. These 
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“ Positive ” 


represent strengt 
showing that a re 
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positive measurements are mathematically of an arbitrary nature, 
because, for the purpose of calculating correlations it is equally easy 
to measure colour “ weakness ” from either end of the scale (as a 
zero) to the point where the given colour is just perceptibly different 
from the standard of equal brightness. All measurements are now 
positive, but the result of correlating them is exactly the same as 
obtained by the other method. From the point of view of colour 
vision, however, these positive measurements of “ weakness ” are 
not arbitrary : they express the extent to which deviation outbalances 
range, and this is an essential characteristic of colour-vision variations 
in certain individuals. Implications of this problem will be discussed 
again later. 

The interest of correlations was not limited to colour sensitivities. 
Measurements of the brightness level of the red-green and yellow- 
blue pairs were taken throughout, and varied from one individual 
to another. The red and blue papers were darker for everybody than 
the green and yellow, and in consequence the changes in proportion 
from redder to greener and from bluer to yellower both required 
brightening of the standard step by step. The rate of brightening, 
however, was variable from one individual to another and the starting 
points in the series of measurements taken were also different. 
Part of the variability of the measurements was therefore due to 
the varying reflectivity of the combined red-green or yellow-blue 
disk, as the ratio of red to green and of yellow to blue changed. In 
order to eliminate this source of variability, in which there was no 
interest for the immediate purpose of the test, it was necessary to take 
fixed proportions of red to green and of yellow to blue as the propor- 
tions against which brightness levels for different subjects should be 
estimated. It is generally known that brightness equalities are more 
easily estimated between identical than differing colours or colours 
and greys. Since not all the ranges of identity for colour matching 
with the standard of equal brightness overlapped, in each experi- 
ment taken separately, this ideal condition could not be fulfilled, 
and it was necessary to take the nearest possible. For this purpose the 
most suitable fixed ratio of red to green or of yellow to blue for 
brightness estimation was the proportion most frequently identified 
with the standard yellow for the red-green test or grey for the yellow- 
blue. A sufficiently large set of readings had been taken for this to be 
possible for every subject, however great his deviation, and in this 
way the most reliable estimate of brightness level of the pair of 
colours in question was obtained, although there was in some cases 
a small colour difference, which may be assumed to have had no 


’ 
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appreciable effect on the results in general. Hence, in order to deter- 
mine each subject’s brightness level for a given pair of colours, the 
size of the black sector required by him for brightness matching at 
the average normal mid-point was taken. 

If a subject is weak in a given colour, then, on the Young- 
Helmholtz theory, his brightness level for that colour and for all 
colour mixtures in which it appears as a component must be lowered, 
and this lowering must be proportional to his colour weakness. This 
is unavoidable on that theory, because brightness is wholly determined 
by colour responses and not produced in any other way in daylight 
adaptation. Hence there should be a very high correlation between 
brightness level and colour weakness. There is, however, the diffi- 
culty that the brightness of the red-green or the yellow-blue disk 
at the proportion chosen for measurement, which was the average 
normal mid-matching point, or at any other proportion, will depend 
partly on each of its two components. Hence it was necessary to 
adjust the correlations obtained by the usual method of partialling 
out and holding constant the irrevelant variable, namely, in this 
case, the influence of the colour in each pair other than that for which 


the correlation for brightness level is required. In practice it turned 


out that the correlations with brightness level were so small that 


this made very little difference. 
ked out for men and women separately, 


Correlations were wor 
excluding colour blind and anomalous subjects, for the four colours 
red, yellow, green and blue, and between each colour and the 
measurement of brightness level of the pair to which it belonged 
with the effect of the other colour partialled out. These intercorrela- 
tions are shown in Tables 14 and 15. 

In these tables correlations above 0.23 may be considered 
Significant on the 0.02 level and those above 0.254 may be considered 
Significant on the 0.01 level. In Table 14 there are no significant 


TABLE 14 
INTERCORRELATIONS BETWEEN COLOUR WEAKNESSES 
(Colour Blind Excluded) 

103 Men 98 Women 
Rand G =o +21 
Rand Y +19 +21 
R and B 305; 4-25 
Gand Y +116 +31 
G and B —'09 +08 
Y and B —18 +18 
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TABLE 15 


PARTIAL CORRELATIONS BETWEEN COLOUR WEAKNESS AND 
BRIGHTNESS LEVELS 


(Colour Blind Excluded) 


103 Men 98 Women 
R and Brightness —I5 +23 
Y and Brightness —-04 +13 
G and Brightness —'13 0-00 
B and Brightness —"I3 —29 


correlations except those between red and green for men (negative) 
and those between red and blue and between green and yellow for 
women (positive). In Table 15 the partial correlation between red 
and brightness (positive) for women is almost significant, and that 
between blue and brightness level (negative) is decidedly significant. 
For men there are no significant correlations for brightness level. 

The general conclusion may be drawn from these figures that 
there is very little relationship between variations in sensitivity 
to any of the four colours, or between such variations and differences 
in brightness level of colour mixtures containing the colourin question, 
This conclusion tends to emphasise the independence of the four 
colours tested, including yellow, and of brightness changes, and it 
lends no support to the Young-Helmholtz theory or any other 
three-component theory, or to any theory in which brightness is 
determined wholly by hue sensitivity. The same problem as it 
applies to the colour blind will be discussed in the next chapter. 


The factorial analysis of intercorrelations between colour sensitivities 
will be discussed later. 


Chapter 3 


THE ROTATING DISKS EXPERIMENT: ANOMALOUS 
AND COLOUR-BLIND SUBJECTS 


Tus chapter will be devoted to the study of the colour blind and 
anomalous subjects, including the one extremely yellow-blue 
defective man, who did the rotating disks experiment. These subjects 
all did the Ishihara Test, Stilling’s Tables, and other colour-vision 
tests, such as Holmgren’s Wools, Edridge-Green’s Beads and 
Lantern, and Nagel’s Card Test. All were asked the most detailed 
‘questions about the extent and nature of any difficulties which they 
had with colours or shades in daily life, and any other relevant 
information which could be collected about them was noted in the 
test booklets at the time or later. All this information has been 
thoroughly examined and is expressed in the form of generalisations 
for the help of the reader, but it must be emphasised that these 
generalisations are based on the detailed study of individuals. 
Examples of the colour vision of particular subjects have been given 
at the end of the chapter, and colour-blind women have been selected 
wherever possible, because they are much rarer than colour-blind 
men and some people even doubt their existence. 


DISTRIBUTION OF WEAKNESSES 


\ Diagram VI shows the ranges of matching in (a) the red-green 
test and (b) the yellow-blue test, for 14 red-green blind men, of 
whom six are protanopes; 5 red-green blind women, two being 
protanopes; 2 green anomalous men, one extreme green deviant 
man; one colour weak woman, sister of the two women protanopes, 
and one yellow-blue defective man. The modal matching points 
have been made to coincide for the red-green and the yellow-blue 
tests, that is, 180° for the yellow-blue test coincides with 168° for 
the red-green test. The ranges are shown for individual subjects, 
red-green by continuous lines and yellow-blue by dotted lines. 
Circles represent women and crosses represent men. . 

From the results shown in this diagram the following conclusions 
may be drawn. First, that the colour-blind subjects cannot be divided 
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into “red-blind” and “ green -blind ”. Both protanopes and 
deuteranopes are weak in red and in green together, Indeed, it is 
probable that protanopes are actually more able to distinguish red 
from an equally dark and desaturated yellow than the deuteranopes are 
able to distinguish green from a yellow matched with it in brightness 
and saturation. 

The second conclusion, that red-green ranges do not correspond 
to yellow-blue ranges in magnitude in the same subjects, confirms 
what has been said for normal subjects on the basis of correlations 
between colour weaknesses. Similar correlations for the red-green 
blind will be discussed later. 
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Diagram VI. Rotating Disks Experiment ; Matching Ranges for Defectives, in 


Degrees 


In the third place, 


it is clear that there is a continuous gradation 
of weaknesses from t 


he most extreme, for whom no degree of red 
or green saturation can make either of these colours different from 
a yellow of equal brightness, to the least extreme, for whom both 
red and green are distinguishable from such a yellow if they are 
sufficiently saturated. The least extreme of the red-green blind dre, 
however, vastly less sensitive to the distinction between red and green 
than the weakest of normal subjects. 

The fourth conclusion from the diagram of colour weaknesses 
in the colour blind is that deviation in at least this form of the 
Rayleigh Equation is little or no guide to the class of cólour blindness 
of the subject in question, Four protanopes have red and four have 
green deviations. Three deuteranopes have red deviations and eight 


THE ROTATING DISKS EXPERIMENT 85 


have green. Application of the Chi-squared test shows that this is 
not significantly different from a purely chance distribution. This 
again supports the view that protanopes and deuteranopes are not 
to be regarded as “ red-blind ” and “ green-blind ” respectively, but 
are both red-green blind, and either class may be relatively more 
weak in red than in green or in green than red, when measured 
against a yellow of equal brightness. The difference between them 
is that in protanopes the red is greatly darkened. The disks test, 
being based on polychromatic colours, does not bring out this 
darkening so sharply as tests with monochromatic filters to be 
discussed later. 

With one exception, all the colour-blind subjects are able to 
accept the normal Rayleigh Equation as one matching-point in 
their ranges. This subject is a greater deviant than the average green 
anomalous subjects, if deviation alone is to be taken as the criterion. 
Owing to her wide range, however, she is much more colour blind 
than any anomalous subject, and, indeed, she is more colour blind 
than the least red-green blind of this group. She will be classed as 
a “deviant” deuteranope and not as anomalous. Thus the fifth 
conclusion is that we can have four classes: (a) red-green blind, 
divided sharply into (7) protanopes and (i) deuteranopes, and (b) 
anomalous, who are not colour blind but may be (i) red anomalous 
or (ii) green anomalous. Apparent intermediates, who are extremely 
deviant and reject the normal mid matching point although their 
range is so great as to force us to call them colour blind, are rare, 
but show characteristics, such as the tendency to confuse red and 
green, which distinguish them from the truly anomalous. This 
experiment showed therefore not less than four sub-classes of major 
red-green defect, and there is no doubt that these are all inherited 
on a sex-linked basis, while they are also inherited true to type so 
far as we can tell. They appeared in the following proportions : 
protanopes 8; deuteranopes 11; green anomalous 2; red anomalous 
o. This group of 21 major red-green defectives, however, could not 
satisfactorily be called a random sample of such subjects, because 
three were immediate relatives of two of the others. A better indica- 
tion of frequencies will be given later. , . 

Finally, the one yellow-blue blind subject showed as big a range 
in yellow and blue as many of the red-green blind show in red and 
green, and, like them, he is weak in both colours together, having a big ` 
range and a small deviation. Hence he does not fulfil the expectations 
based on the Young-Helmholtz theory, that a “ tritanope ” should 
be blue blind rather than yellow-blue blind, and that a person cannot 
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have a big weakness in yellow without at the same time having 
correspondingly big weaknesses in red and green. Since there are 
other subjects shown in Diagram VI who have bigger ranges in 
red and green than he, and who are not correspondingly weak in 
yellow and blue, his yellow-blue blindness cannot be attributed to 
his small red-green weakness. The nature of his defect therefore 
lends no support to the Ladd-Franklin theory, on which it would be 


predicted that a person cannot be yellow-blue blind without also 
being red-green blind. 


CORRELATIONS BETWEEN COLOUR WEAKNESSES 


Colour weaknesses for the red-green blind subjects were measured 
in the same way as described for the normal subjects in the last 
chapter. Correlations between these colour weaknesses were then 
worked out for nineteen colour-blind subjects by the rank difference 
formula. They are shown in Table 16. Similarly, correlations 
between colour weaknesses and brightness levels for the correspond- 
ing colours were worked out and are shown in Table wi 


TABLE 16 


CORRELATIONS BETWEEN COLOUR WEAKNESSES : 14 RED-GREEN 
Buinp MEN AND 5 Rep-Green BLIND WOMEN 


Red-Green +15 
Red-Yellow =o 
Red-Blue +24 
Green-Yellow +e 
Green-Blue +08 
Yellow-Blue +16 


TABLE 17 


CORRELATIONS BETWEEN COLOUR WEAKNESSES AN 


D BRIGHTNESS LEVELS : 
14 Rep-Green BLIND MEN AND 5 RED-GR 


EEN BLIND WOMEN 
Red and Brightness  +--12 


Yellow and do. +10 
Green and do. +:26 
Blue and do. S25 


These correlations, both between colour weaknesses themselves, 
and between colour weaknesses and brightness levels, are all very 
small, and, according to Fisher’s table of values. of correlation 
coefficients for different levels of statistical significance, none of 


— 
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them is significantly different from zero. It is important to notice 
that, even in this series of red-green blind individuals, neither red 
nor green weaknesses are correlated with yellow weaknesses, nor are 
red and green weaknesses correlated with reduction of brightness 


levels of the same colours. 


DIFFERENCES OF MEANS FOR COLOUR WEAKNESSES 


Table 18 shows the mean colour weaknesses of 98 women and 
102 men who were either normal, deviant or colour weak, and 14 
men and 5 women who were red-green: blind, in the rotating disks 
experiment.- The differences of the means for each of the four 


TABLE 18 


DIFFERENCES BETWEEN COLOUR WEAKNESSES FOR RED-GREEN BLIND 
AND “ NORMAL ” SUBJECTS IN THE ROTATING Disks Test 


| | 
| 102 men + |14 C.B. men Hi 
| 98 women | 5 C.B. women | 


- z — 
Red 75 | 720° 64°5° 132° | 489 
Green Faro | 970° | 895° | tor? | 8:86 
Yellow | | il g:0° } ge oil eh ag 7 hesox68 
Blue 7°5° | 140° | 6'5 | 20° | 325 


colours, together with the standard errors of those differences and 
the corresponding critical ratios (t=diff./S.E.diff.) are given. It is to 
be noticed that the red-green blind are on the average about 9.6 times 
as weak in red, 12.9 times as weak in green, 1.17 times as weak in 
yellow and 1.87 times as weak in blue as the “ normal ” group. Of 
the differences shown in the table, those for red, green and blue are 
definitely significant, while the difference for yellow is not significant. 

These data are very interesting, for they show that red and green 
are very greatly weakened for the colour blind, while blue is slight- 
ly weakened and yellow is not changed by the great reduction in 


red-green sensitivity. . 
Another interesting group of differences between colour weak- 


nesses is given in Table 19. Here the eleven deuteranopes who did the 
rotating disks experiment are compared with the eight protanopes, 
using Student’s method for estimating the standard errors of the 
differences of small samples. The differences in colour weakness for 
red between deuteranopes and protanopes are not significant, nor 


pt 
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TABLE 19 


CoMPARISON OF DEUTERANOPES AND PROTANOPES FOR RED AND GREEN 
WEAKNESSES IN THE Rotatinc Disks TEST 


Groups or Colours | Difference | Estimated 
Compared of means | S.E. diff. Z 

RED .. T 8 Protanopes and 2g? 28:57 088 

11 Deuteranopes 
GREEN i 8 Protanopes and 

11 Deuteranopes 43° 15°8° 2°72 
11 Deutrranopss| Red and Green 5a" 19°3° 2°69 
8 PROTANOPES Red and Green 16° 27°6° 0°58 


are those for protanopes between red and green. The differences 
between deuteranopes and protanopes for green, and for deuteranopes 
between red and green, however, are significant on a lenient level 
of probability between 2% and 1%. This means that there is a 
probable tendency for deuteranopes to have more difficulty in 
distinguishing green than red from yellow of equal brightness, and 
to be weaker in green than protanopes. On the other hand it is clear 
that protanopes do not, in this group, have more difficulty in dis- 
tinguishing red than green from yellow of equal brightness, and are 
not more weak in red than deuteranopes. The asymmetrical character 


of this conclusion is interesting, but at present no interpretation can 
be offered. 


BEARING OF RESULTS ON CoLOUR-VISION THEORIES 


For the problem of colour-vision theories the absence of correla- 
tions between colour weaknesses and brightness levels among the 
colour blind is very interesting. For example, according to the Young- 
Helmholtz theory, subjects who are sufficiently weak in red and 
green or in either of these colours to be called colour blind should 
show a corresponding diminution in sensitivity to yellow, and there 
should be a strong positive correlation between red and yellow or 
green and yellow weaknesses. This is not found among normal 
subjects, but it might be said that the colour weaknesses in them are 
so small that their effect might be masked by random errors and the 
correlations reduced in this way. In red-green blind subjects the 
colour weaknesses are so great that random errors could not possibly 
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be sufficiently large to make any difference. Similarly, on the Young- 
Helmholtz theory there is no source of brightness other than by the 
combination of colours, and any marked diminution of sensitivity 
to one or more of the three primaries must effect the brightness 
level of polychromatic combinations and especially yellows, accord- 
ingly. Marked positive correlations between brightness levels and 
colour weaknesses must be expected, because the Young-Helmholtz 
theory provides no way in which saturation may be lost and bright- 
ness remain unaffected. Since the colour-blind subjects are red- 
green and not yellow-blue defective, and since their red-green 
weaknesses are very great, we should expect at least that the correla- 
tions of red and green weaknesses respectively with brightness 
levels would be large enough to outweigh random errors, though 
yellow-blue weaknesses would not give greater correlations with 
brightness levels than for normal subjects. This expectation is not 
fulfilled, All the correlations are small, statistically not significant 
and there are no marked differences between the red and green 
correlations with brightness levels and the parallel yellow and blue 
correlations, In other words, the enormous weaknesses in red and 
green in the colour blind do not have any effect on the brightness 
level of combinations at the mid matching point, although, of course, 
in protanopes the red end of the spectrum is markedly darkened. 
Therefore a colour-vision theory must be able to provide explanations 
of two different circumstances; saturation of red and green may be 
almost completely lost, either with or without corresponding loss of. 
brightness. The objection might be raised to the argument put for- 
ward above, that the loss of sensitivity in red-green blindness must 
affect the standard desaturatedyellowused to determine the brightness 
of the red-green mixture, and make it less bright accordingly. Since 
greyish yellow is much more polychromatic than the red-green 
mixture, the effect on it would be expected to be less than on this 
mixture. Such an effect would be in the same direction on both, 
however, and ought to give a high positive correlation on the Young- 
Helmholtz theory. 

An interesting variant of the Young-Helmholtz theory, due to 
Fick, and explained by Walls,* is intended to meet this difficulty. 
If we assume that colour blindness is due to diminution in sensitivity 
or, in extreme cases, to absence of one of the three photochemical 
substances, then it is impossible to understand how yellow comes to 
replace both the red and green sensations in colour blindness (at 
least of the deuteranope), or to understand how saturation may be 
lost and brightness retained. To meet these difficulties Fick suggested 
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that we might suppose that the curve of red sensitivity could be 
shifted to coincide with the green curve until they were super-im- 
posed. There are corresponding possibilities for the green and violet 
curves. The possible shifts of the violet curve need not be discussed 
at the moment, since we are dealing with red-green blindness. It is 
claimed that, if the red curve is shifted to coincide with the green 
curve, we have the protanope, with shortened red end of the spectrum 
and only two sensations: yellow (red+green) and blue. If, on the 
other hand, the green curve is shifted to coincide with the red curve, 
we have the deuteranope, with normal spectrum and no sensations 
but yellow and blue. Any number of intermediate conditions are 
readily imagined. In order to make this theory possible we are 
forced to suppose that each of the three curves of sensitivity stretches 
almost to the ends of the spectrum; that red alone is excited between 
750 and 650 mu, while between 650 and 430 my all three sensiti- 
vities are excited, and violet alone from 430 to 390 mu. These 
three curves must overlap insuch a way that they are not statistically 
separable, otherwise we should have three peaks of intensity (and 
saturation), which are not found in the spectrum. There must, on 
this scheme, be an enormous desaturation with white for all colours 
between red and violet, and a rapidly increasing brightness towards 
yellow-green, after which it should decrease again. These two 
conditions accord reasonably well with the characteristics of 
the visible spectrum. Colour can be experienced, on this theory, 
only when. any individual curve, or two curves taken together, 
overtop the three taken together: it is the difference between the 
complex excitation at a given wave length which makes up white 
or grey and the total excitation at that point. Neither blue nor yellow 
can be a pure sensation: yellow is red+green+white; and blue 
is violet+-green. s 

As far as red and green are concerned, on this theory, decrease 
in ability to distinguish between either of these colours and yellow 
must occur at the same time and to the same extent. The theory 
could not be supported unless there was a very high correlation 
between red and green weaknesses in the colour blind, whether it is 
the red curve or the green curve that is shifted. Yellow, however, 
could never vary while rèd and green were unaffected, unless every 
change in the yellow sensation were correlated with a change in 
violet owing to a shifting of the violet curve which would be the 
supposed explanation of tritanopia. If yellow varied in this way there 
would always be a high correlation between yellow and blue weaknes- 
ses, and this has not been found. There is a further difficulty, that in 
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extreme deuteranopes, at least, it would be inevitable that the green 
part of the spectrum should be darkened somewhat, on account of 
the reduction in the height of the combined curves at the green part, 
as the green curve moved towards the red. Darkened green is an 
extreme rarity in the colour blind, however. Finally, on this theory 
it would never be possible to account for the distinction between 
variations of range and variations of deviation, or to show how the 
two types of variation could be irregularly combined. It could 
not account for the distinction between the colour blind and the 
anomalous, and this distinction is of fundamental importance. To 
meet some of these objections to Fick’s theory, we might suggest a 
change, namely, that in protanopes the red curve is shifted towards the 
green curve, but that in deuteranopes the green curve is not shifted 
but simply elongated towards the red. This, again, would not enable 
us to account for the difference between ranges and deviations, or 
between the anomalous and the colour blind. Further problems would 
be raised if we attempted to account for marked red weakness 
(not sufficient to be called colour blindness) without any darkening 
of the red. s t 
In a similar way, there are difficulties for the Hering theory in 
its original form. Red and green are opposites, and so are yellow and 
blue. The diminution of the member of each pair which is weakened 
in colour blindness might be balanced by relative increase in the other 
member, unless we can assume that both anabolism and katabolism 
could occur together, which would appear to be impossible. On 
this theory, however, colour blindness is generally supposed to be 
due to loss or weakening of the balanced reactions in pairs. In red- 
green blindness the reactions of katabolism to red and of anabolism 
to green are both diminished in intensity, so that the sensitivity to 
both colours is reduced and the threshold for the distinction between 
them is greatly increased, or the reactions may be lost altogether 
and neither red nor green can be seen at all, while brightness will be 
very little diminished and yellow and blue left unimpaired. In yellow- 
blue blindness it will be these colours which are diminished or 
lost and red and green will be unchanged, while brightness again 
will be very little reduced. Presumably both conditions might 
On this theory there should be large positive 
correlations between red and green and between blue and yellow 
weaknesses, little or no correlation between colour weaknesses and 
brightness levels, and none between other pairs, such as red and 
yellow or green and blue. Since we do not, in this experiment, 
find the expected correlations between red and green or between 


occur together. 
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yellow and blue weaknesses, either in the colour blind or in the 
normal subjects, it cannot be said to support Hering’s theory in its 
old form. The lack of correlation between colour weakness and 
brightness level, however, does accord with expectations based on 
the Hering theory. 

On this theory there is no explanation for the difference between 
deviations and ranges in either the red-green or the yellow-blue 
colour pairs. We might suppose, however, that the point of balance 
could be moved to one or other side, in addition to the loss of sensi- 
tivity or independently of it. This is the modification of the original 
Hering theory which Houstoun’s scheme provides for, and on his 
view we should expect either much independent variation in sensi- 
tivity to the two colours in each pair, or even a tendency for the paired 
colours to vary in opposite directions, giving negative correlations 
between colour weaknesses. Positive correlations would be expected 
if weaknesses were relatively greater in their effect than the displace- 
ment of the point of balance, and negative correlations where 
displacement was relatively greater in effect than loss of response. 
Absence of correlations would be expected quite reasonably where 
the effect of displacement or deviation counterbalanced the effect 
of increase of range or threshold. Such a theory accords much more 
closely with the observed facts than any other. 

On Ladd-Franklin’s theory red and green sensations were evolved 
by being split off from yellow, and yellow and blue were evolved 
by being split off from grey. Red and green weaknesses will be 
explained as the result of reduction in the completeness of this 
splitting, and similarly for yellow and blue. It would not be possible 
for red and green to be weakened separately from each other, nor for 
yellow and blue, and it would not be possible for yellow and blue to 
be weak until red and green sensations had been lost. These expecta- 
tions are not in the least supported by any of the data available from 
the present experiment. To support her theory it would be necessary 
for red and green weaknesses to be completely correlated, both in 
normal and colour-blind subjects, and the same for yellow and blue. 
Since we could not find any subjects (on her theory) who were weak 
in yellow and blue without being red-green weak too, all colours 
would be expected to show strong positive correlations if there was 
any measureable weakness at all. Her theory does not meet the 
difficulty of the distinction between range and deviation at all. On 
the other hand the problem of brightness levels is less serious on her 
theory than on the Young-Helmholtz theory, because, on her theory 
black, grey and white would be retained effectively as distinct 
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sensations even when all differential colour sensitivity were lost, 
hence absence of correlation between brightness level and colour 
weakness accords with her view. 

In this chapter we are dealing especially with the peculiar 
weakness of the red-green blind, which, on Edridge-Green’s theory, 
is the inability to distinguish between red and green at the dichromic 
level, and/or between red and yellow and yellow and green at the 
trichromic level, since the colour blind are either dichromics or 
trichromics (not trichromatics) on his theory. He must have been 
aware that on his theory in its strict form the limiting colour sensations 
must be red and violet, but he accepts the fact that the colour 
vision of most dichromics appears to be much more like yellow and 
blue than red and violet. This difficulty may be purely a question 
of the use of colour names. At any rate, on his theory red-green 
blindness must result from a simultaneous loss of red and green and/ 
or red, green and yellow. The dichromics are the completely red- 
green blind, and the trichromics are the incompletely red-green 
blind of Ishihara’s classification. On Edridge-Green’s theory strong 
Positive correlations would be expected between red and green weak- 
nesses,’ If we assume what seems most probable on his theory, that 
the remaining sensations of the dichromics are blue and yellow 
rather than red and violet, then yellow-blue weaknesses would not 
be expected except when the distinction between red and green had 
been completely lost, and this expectation is not fulfilled. It was 
clear that, with the exceptions of the familiar darkened red vision 
of the protanope, and darkened violet, which he mentions, Edridge- 
Green realised that loss of differential sensations for colour left the 
brightness levels of the corresponding parts of the spectrum unaffec- 
ted. This would accord with the absence of correlations between 
colour weaknesses and brightness levels. 

Taking all these facts and problems into account, it may be 
said that the Young-Helmholtz theory would be the most difficult 
of all colour theories to support, Edridge-Green’s and Ladd-Franklin’s 
would come next in difficulty, and then Hering’s. A modified form 
of the latter would seem most likely to afford us an efficient working 


hypothesis. 


GENERAL Errect OF COLOUR-VISION WEAKNESSES 


It will be worth pausing here to make a general analysis of the 
effect of colour-vision weaknesses, based on the data studied, so that 
the problems to be faced in the remainder of the book may be seen 
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in clear perspective. Red-green blindness is a drastic reduction in 
sensitivity to distinctions between red and green, red and yellow, 
and yellow and green, so that these distinctions can be made either 
not at all or only when the contrasts of saturation or brightness of 
the colours are perhaps ten or twenty times as great as required by 
normal people. In yellow-blue defects the difficulty lies in distin- 
guishing between yellow and whitish grey, between blue and dark- 
ish grey, hence in some cases between yellow and blue, unless 
contrasts of saturation and brightness are much greater than normally 
required. Parsons? has pointed out clearly that colour blindness is a 
reduction defect: colour-blind people see fewer gradations or 
distinctions of hue and saturation than the normal, or see them with 
much greater difficulty. He reaffirms what has been said before, 
that colour-blind people will accept colour matches made by the 
normal, but can make numerous matches which the normal will 
reject. We are therefore in a position to measure their weaknesses in 
terms of their differential thresholds for suitably arranged colour 
matches, which are found to reveal their weaknesses clearly; this is 
what has been done in the present experiment. 

There are important exceptions to Parson’s generalisation about 
the colour matches made by colour blind and normal people, as he 
realises, and these exceptions are the anomalous and deviant subjects 
whose thresholds are not much greater than normal, but who reject 
certain normally accepted colour matches and insist on making others 
which are normally rejected, but are accepted by many colour-blind 
subjects. The anomalous subjects (but not the deviants) are failed 
by tests such as the Ishihara Test or Stilling’s Tables, and are 
dangerous in certain situations where red and green signal lights 
are used. 

Strangely enough, many colour-blind people, and almost all the 
anomalous, are not aware of their defect until tested, when they are 
surprised and often distressed. Some do not admit the defect even 
when numerous tests have been carried out and the normal perform- 
ance on these tests has been demonstrated to them carefully. They 
error, that the tester is deceiving 

colour blind in the tests but not 
he majority know only too well 


THE ROTATING DISKS EXPERIMENT 95 


experiment), and tell them that the normal can distinguish the red 
and green as clearly and with as much confidence as they can dis- 
tinguish the yellow and blue. Then, supposing that red is yellow 
and green is blue, to show their red-green range and deviation in 
terms of the yellow-blue disks. They are almost incredulous. 

It may seem odd that a man who cannot distinguish red from 
green, unless he has secondary guides not directly connected with 
colour, should think his colour vision normal, but he has never 
seen the difference between these colours as we see it, and there is 
no possible way of enabling him to have this experience. Even the 
method just described, of pretending that red is yellow and green is 
blue, completely lacks the concreteness of real experience. The red- 
green blind very naturally may suppose that we see no greater 
differences than he sees, but are much more clever at making dis- 
tinctions which he finds difficult or impossible. He may think that 
when he was a child he failed to learn to use correctly and efficiently 
the names of what are to him the closely similar tones and shades 
of red and green. Since there may be also certain hues between 
green and blue, and between blue and red for which he has a difficulty 
in finding suitable names in the language, he may think he sees 


‘colours which normal people do not see and which are therefore 


nameless, though in fact some of them will prove to be indistinguish- 
able from grey to him when efficiently tested. 

In order to understand more fully the difficulty which a colour 
blind person has in appreciating the nature of his own weakness, we 
could take the following example, bearing in mind always that the 
colour blind has no possible way of realising the magnitude of many 
colour differences we see easily. The ordinary person may find it 
difficult to be confident of contrasting accurately such pairs or terms 
as reseda and olive green, cerise and cherry, petunia and magenta, 
or elephant grey and pearl grey. As Edridge-Green pointed out 
clearly, the difficulty is greater when the name must be applied 
correctly to a single spot or patch of colour, without the help of a 
standard, and is less when the names can be applied differentially 
to two spots, for example, that one is reseda and the other olive. 
The normal person, unless he has had much practice, may feel that 
there is an unnecessary multiplicity of names and that their use 
depends on making hair-splitting distinctions, as between cerise and 
cherry, and he may doubt that the distinctions are consistently 
upheld. A red-green blind person may feel just the same difficulty 
in employing efficiently and consistently such pairs of terms as light 
red and grass green, sky blue and magenta, scarlet and orange, 
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blue and violet. He thinks the colours to which other people seem 
to be able to apply these terms differentially are very much alike, 
and he may doubt that we are really consistent about making dis- 
tinctions so subtle (to him). He may think it is just a little conceited 
on our part to be so “slick” about the use of confusing terms like 
red and green. Consequently it is easy for him to suppose that there 
is really nothing wrong with his colour vision, but that the ordinary 
man is trying to be over-subtle. He may think most of us are deceiv- 
ing ourselves, and that, since he does not pretend to do the impossible, 
he is the one really sincere and honest person among a population who 
pretend, for example, that the sky should be called “ blue ” while 
the rose is “ pink”, although there is no real difference between 
them. 

Colour blindness is a highly variable defect. Even the researches 
of Edridge-Green,* Houstoun! and Collins,’ and their fascinating 
descriptions, do not convey clearly to everyone the greatness of its 
variability. If we succeed in finding two colour-blind people who 
have exactly the same degrees of defect, measured by accurate tests, 
which is unlikely, we should still find that their reactions to colours 
in daily life were completely different; this will be made clearer in 
the sequel. Head® has shown in his brilliant researches on aphasia 
and kindred disorders of speech caused by brain injuries, that the 
defects manifested in thinking, speaking, reading and other activities 
are always peculiar symptom-formations, uniquely belonging to the 
individual concerned. They are not so much the direct products of 
certain mechanical destructions of tissue, as they are the outcome of 
the individual’s own efforts to overcome those effects. They are the 
combined product of his efforts to adapt himself on the one hand and 
the direct effect of the cerebral injury on the other. In the same way 
the colour vision of a colour-blind person is not a rigidly mechanical 
product of exact visual limitations, but is also due to his efforts to 
overcome certain difficulties he has always met with, and the total 
result in daily life is a unique construction depending on the 
individual’s personality, interests and mode of life. Reciprocally, 
his personality, interests and way of life will have been influenced 
by his colour difficulties. It is wholly unscientific to think of colour 
blindness as if it were merely a mechanical fault, like a sparking 
plug with too wide a gap. To be able to measure the fault must not 
lead us to the error of forgetting its many psychological repercussions 
and its influences on the personality as a whole. This is as true of all 
visual defects as it is of colour blindness. 


One colour-blind person disclaims all knowledge of colours or 
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interest in them in daily life, another claims that his colour vision is 
normal and disputes the validity of the tests. There are numerous 
complications of attitude almost too subtle to explain. Facility in the 
use of words as colour names in appropriate settings is often so 
great that a man does not realise that he fails to see a colour, except 
when he fails to use a name correctly, and then he may think it was 
just an error of terms. In this way the distinction between sensation 
and perception is admirably illustrated by some defective subjects. 
Since a man knows that all pillar boxes are red he has no difficulty 
in naming the colour of pillar boxes and actually perceives them as 
if red. If by chance he was confronted with a pillar box which 
had been painted black for the purpose of testing him, he would see 
it as red too, and call its colour by the wrong name. In order to 
avoid the influence of naming, it is absolutely essential to use test 
objects whose character, size, shape, use or familiar associations 
provide no clue to their colour. Just as the blind man has become 
a master in directing his activities by sound, and gains the reputation 
of having exceptionally acute hearing, so the colour-blind man may 
become a master at distinguishing colours by differences of the shape, 
size, names and uses of coloured objects, and by the brightness 
and surface appearance of their colours. Dyes affect differently the 
objects they colour, and one may learn to distinguish black from 
red wool by the feel or the general appearance of the yarn. One 
colour-blind man could see that tramcars in Paisley Road were 
green, and those in Hyndland Road yellow, but if a yellow car 
went along Paisley Road he thought it was green. He was a deuter- 
anope. Similarly, a protanope saw cars as red on the Milngavie 
Road, but blue on the way to Rutherglen. Perception depended on 
the individuals’ expectation based on the colour name generally 
applied by other people to cars allocated to a particular route in 


Glasgow. ; 
The extent and manner in which these secondary constructions 


our are built up in the individual’s life are 
almost infinitely variable. One man remains at the level of constantly 
suspecting himself of some weakness where colours are concerned, 
and watches his companions, almost unintentionally, to note any 
frown or other indication that he may utilise to correct a possible 
error, while another has developed a whole system to protect himself 
from noticing or thinking that he has a weakness. The colour blind 
habitually trade on doubt, obtaining a decisive response from their 
companions frequently as a result of their own slight hesitation, 
which may look almost normal; and then they may believe that they 


of perception and behavi 
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decided for themselves and their companions may have that impres- 
sion too. A good illustration of the way in which secondary cues 
may operate in perceptions is that of a colour-blind woman who was 
doing the Ishihara Test. She absolutely failed to see a pink and 
salmon figure “2” on a blueish and greenish background until it 
was outlined for her with the butt end of a pencil, leaving no mark. 
Then she saw it clearly for a minute before it faded again. This is a 
most instructive experiment, which I have done with a number of 
colour-blind persons. If the word “ Two” had been whispered 
instead of outlining the figure, it would have had the same effect, 
and she would have perceived for a moment the figure named. 

All these points apply, as every psychologist knows, not only where 
there is gross diminution of sensitivity, but also to normal perception. 
Thus ordinary perception in all fields of apprehension is constructed 
out of the combined influence of many sensory cues which are inter- 
related with infinite and varied complexity, and colour blindness 
only provides extreme examples. The effect of related sensory 
cues was sometimes seen in a clear and interesting way in the rotating 
disks experiment. The five differently coloured papers, red, green, 
yellow, black and white, employed in the red-green test, were not 
identical in surface texture any more than skeins of differently 
coloured wools are identical apart from colour differences, Conse- 
quently the disk composed of red and green sectors had a very 
slightly different surface texture from the one composed of yellow, 
black and white, for at least some of the subjects, even when the 
rate of rotation was so high that there was not the least suspicion of 
flicker and the two disks looked perfectly smooth and uniform. This 
difference of texture was sometimes apparent when there was no 
colour difference. Normal subjects occasionally pointed it out, or 
simply ignored it. Colour-blind subjects, however, who never miss 
an opportunity to exploit differences of surface texture as possible 
guides to colour differences, sometimes interpreted the slight 
difference of texture as a colour difference which they could not 
name. One such subject insisted that the colours of the two disks were 
“ totally different” at the normal matching point, though he was 
later found to have a very large range including that point. By using 


colour filters in later experiments this difficulty of texture has been 
overcome. 


The use of words is fre 
in thinking, if we look at i 
facility in the use of techni 
impression of real knowle 


quently deceptive in perception and also 
t in a certain way. It is well known that 
cal terms, for instance, easily conveys the 
dge and insight, not only to the listener, 
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often somewhat puzzled, but also to the speaker himself, who, like 
the colour-blind man, may have the impression that his efficient use 
of terms must imply knowledge as perfect as that of the expert, 
who uses the same words in almost th esame ways. Thus the man who 
can call the fruit trees in his garden correctly by name assumes, like 
his admiring friends, that he has expert knowledge, just as the red- 
green blind man who has learned to call pillar boxes red assumes, 
and may genuinely believe, that he can see their colour as clearly 
as any person who calls them red because he has learned to apply the 
term red to the colour rather than to the pillar box. 


GENERAL NATURE OF THE DEFECTS 


In order to understand red-green blindness we must think of the 
browns, fawns, olives and colours made by desaturating oranges, 
yellows and yellow-greens, as if they invaded red on the one hand 
and green on the other. This invasion occurs in a highly variable 
manner, so that no two colour-blind persons are exactly alike. In the 
same way blue tends to invade violet and purple on the one hand and 
blue-green on the other. Thus there is a varying tendency for colour- 
blind people to see only two colours—yellow and blue—but I agree 
with Collins? that they are seldom if ever strictly dichromatic. To 
prove true dichromacy would be very difficult, because there are 
usually slight differences of saturation even where no differences of 
hue exist, and the person often has a considerable margin of uncer- 
tainty about these saturations. The most common difference is that 
red tends to be a rather more saturated, and green a rather less 
saturated yellow. On the whole the tendency is for red to fade 
away before the invasion by orange and yellow; green before the 
invasion by yellow-green and yellow; violet on the one hand and 
blue-green on the other to fade before the invasion by blue. Even 
in the most extreme cases there may still be the difference between 
red and green mentioned above, and a similar difference between 
violet and blue-green. Violet tends to be a rather saturated blue 
and blue-green more greyish. The exact points at which difference 
of saturation remains and difference of hue has vanished is very 
difficult to determine. There is no rigid margin between hue and 
Saturation, but a flexible and individually variable threshold, of the 
kind with which psychologists are familiar in other fields. 

Edridge-Green’ has pointed out that certain red-green blind 
subjects may see a colour which they call “ reddish-green”. This 
must not be taken to mean that they see both the qualities of red 


100 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


and green as we see them but combined in one hue. No doubt the 
reddishness is more like what we should call orange or even merely 
yellowish brown, and the greenishness is more like our olive or a 
desaturated yellow. Hence a colour to which we should apply the 
name fawn may to the colour blind appear to combine the qualities 
he would call red and green, just as a purple may appear to us to 
combine qualities we should call red and blue. Then he may use 
the term “ reddish-green ” with fair frequency, as shown by Collins,® 
and it is no more difficult to understand from his point of view 
than the term “ reddish-blue ” for ourselves. At a further stage of 
red-green defect the possibility of a reddish-green hue is lost and 
only differences of saturation remain. Fawn is then identified with 
green as the colour blind sees it, if little saturated, and with red as 
he sees it, if the saturation is greater. Indeed in this way the colour 
blind may learn to make many correct discriminations by saturation 
when we should employ hue as our guide.’ In addition to reds, fawns 
and greens there may be yellows, often correctly distinguished by him 
because of their greater brightness, since most familiar yellows are 
much more intense than reds and greens. The familiar traffic lights, 
for instance, may be easy to distinguish for a red-green blind subject : 
the red is relatively more saturated, the green relatively less so, and 
the yellow is much brighter, because most yellow filters transmit 
much more light than red or green ones, quite apart from the greater 
luminosity of yellow rays. The colour blind may think we are simply 
more clever at making these same distinctions, or that what we call 
“red” is simply a yellow more saturated to us than it is to him, 
though still yellow in hue. If presented with a-series of coloured 
papers, reds, oranges, yellows and greens, and asked to separate 
them into their colours, a man will say of one paper, “ That’s a red ”, 
of another, “ Thats a green,” “ That’s a yellow ”, and so on. 
When asked to explain exactly what qualities lead to his making 
these perfectly correct distinctions he will assure me that there is 
absolutely no difference in colour, but that “ a red ” is not at all like 
“agreen”’. It must be remembered, however, that colour blindness 
is a highly variable defect, and no generalisation can be made for 
which some exception will not be found. The important distinction’ 
between protanopes and deuteranopes will not be dealt with here. 
The characteristic tendency for yellows to invade red on the one 
hand and green on the other in the red-green blind, appears in a 
greatly diminished form in the red-green colour-weak subjects. It 
is not a characteristic of the anomalous or of the deviant classes. In 
the same way, in the yellow-blue weak subjects there is a tendency for 
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greys to invade yellow on the one hand and blue on the other, making 
them less saturated and reducing the sharpness of the distinction be- 
tween them. This, again, does not apply to the yellow-blue deviants. 
In yellow-blue blindness the invasion of greys into the blue and 
yellow directions is greatly magnified as compared with that in the 
yellow-blue weak, so that there is a range of desaturated blues and 
yellows which cannot be distinguished from greys of the same bright- 
ness. If blue or yellow is to be seen, then it must be sufficiently 
saturated to fall outside the threshold of this range of greys. This is 
exactly comparable to the condition in red-green blindness, if the 
terms grey, yellow and blue are exchanged for yellow, red and green 
respectively : yellow-blue weakness is not a condition specifically 
affecting violet or blue, and cannot be defined as violet or blue 
weakness (or blindness). There is, however, a darkening of the violet 
end of the spectrum in some blue-yellow weak subjects, which is 
comparable with the darkened red of the protanopes. This darken- 
ing of the violet was mentioned by Edridge-Green in 1891,1° but 
has not been commonly recognised. Thus as we approach blue- 
yellow blindness there is a tendency for colour vision to be reduced 
towards red-green vision, just as in red-green blindness it tends to be 
limited to yellow and blue. Unfortunately few students of colour 
vision have had the opportunity of studying even a single person 
sufficiently weak in yellow and blue to be called blue-yellow blind. 
Hence we are not in a position to make more than tentative claims. 
Blue-yellow weak subjects are often aware of the presence of some 
defect, and, if they are thoughtful persons, they may have been 
puzzled that they can pass the ordinary tests of red-green blindness 
and yet have special kinds of difficulty with colours. Two of my 
subjects were in this position, and will be described in another 
chapter. As there are many stories about red-green blindness, and 
few about yellow-blue defects, I shall add here one which was told 
me by a yellow-blue weak subject in this experiment, when asked 
if he knew that he had any such weakness before he was tested. He 
said he was one day visiting a dye-works on business and, while 
waiting for his appointment, he was asked by a foreman whether he 
could distinguish any difference between a certain bale of yellow 
cloth and a number of others beside it. After a prolonged examination 
ment in the lighting, he said that he could 


and i improve! 
oo ee jd him that the bale was one which had 


not. The foreman then to at th 
been returned from China because it did not match the standard 


yellow, and that the others did match the standard. Even then he 


could see no difference. 
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COLOUR NAMING By DEFECTIVES 


Many people have thought that the colour blind were illogical 
in their use of colour names, or used them wholly at random, but 
I agree with Collins" that their use of these names is quite consistent 
within the limits of their own experience. Since the extent and 
character of the defects is very variable, even within the two main 
classes of deuteranopes and protanopes, all colour-blind subjects 
cannot be expected to use the same colour names in the same though 
abnormal ways. In talking to a colour-blind subject, unless we have 
some special knowledge of the exact nature of his defects, we cannot 
foretell in what particular ways he would be expected to use colour 
pames, so we might have the impression that the colour naming of 
these people is random and unsystematic. This impression will in 
practice be emphasised by what has been pointed out above, that 
colour-blind subjects vary greatly in the extent to which they have 
compensated for their defects in secondary ways. 

In order to understand the names used by the colour blind we 
have to think of the colour circle, divided into four quadrants, with 
red, yellow, green and blue at the divisions and the intermediate 
colours between. If a man has extreme weakness in sensitivity to red 
and green, as we pass from blue, for which he may have normal | 
sensitivity, through violet, purple, magenta and carmine to red, the 
only change noticeable to him may be a steady diminution in blue- 
ness, and he will call violet and purple “ blue”, magenta “‘ sky blue”’, 
carmine “ pale blue ”, and a real pale blue may be indistinguishable 
from rose pink. If his defect is less extreme and he has compensated 
for it sufficiently, he may have learned to call magenta and carmine 
“red”, and so proceeds from blue to red, but the intermediate 
purples are not subject to such subtle distinctions for him as we make 
as a matter of course. If he is sufficiently defective there may be a 
colourless region in the purples or magentas, but by the time we 
reach red we shall find that he sees a more saturated colour distinct 
from blue and identified with yellow by the greater, and distinguished 
from it as “ red ” or “ pink ” by the lesser defectives. As we pass 
from red to yellow for the colour blind there may be no change 
except a gradual loss of saturation, a change which proceeds in the 
same way from yellow to green, and such a person may wonder 
why we call a certain yellow “ orange ” and another “ yellow-green ”. 
A less seriously defective subject may see a fairly distinct difference 
between saturated red and saturated green, and will have less diffi- 
culty in fitting in “ yellow ” as an intermediate colour, but may still 
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be puzzled over orange and yellow-green. As we pass from green 
back towards blue for the very colour-blind person who is still 
normally sensitive to blue, this may be equivalent to a change from 
pale yellow to blue, or from near grey to blue, and no hue can be 
found to which a separate term blue-green can be applied. Thus, 
in general, for the colour blind all distinctions between yellows and 
blues will correspond to the distinctions implied by our terminology 
for those colours, while reds and greeas approximate towards yellows, 
except for the protanopes, for whom red is greatly darkened. All 
such names as violet, purple, carmine, orange, yellow-green, peacock 
blue-green, seem unnecessary. As a result, there are often two or 
more names, such as purple and blue, rose and pale blue, orange and 
yellow, peacock and blue, which correspond to the same colours for 
them. The so-called confusion in the use of colour names by the 
colour blind arises from their efforts to employ too many names for 
the number of distinguishable hues and saturations they see. Their 
errors in naming are due to the multiplicity of names, not to anything 
illogical on their part. 

With the yellow-blue blind and even with the yellow-blue weak 
either or both blue and yellow are diminished in saturation compared 
with the normal. Dark grey tends to invade blue and light grey or 
white tends to invade yellow. The intermediate colours, violet 
and blue-green tend to join hands across the blue, while orange and 
yellow-green may tend to join across yellow. Thus there may be 
difficulty in accepting distinctions made by the normal person about 
any of the four intermediate colours : blue-green, violet, orange and 
yellow-green. The yellow-blue weak person will: often be able to 
teport having had disputes or differences of opinion about why a 
blue-green should not be called “green”, why brick red should 
be distinguished from orange, and so on. He may, like one of my 
subjects, say that he often confuses yellow with white, and he may 
call orange beads “ yellow ” and yellow ones “ white ”. Later it will 
be shown that the most marked characteristic of the blue-weak is 
to see desaturated blue-greens, like Cambridge blue, as “ green ” 


and to refuse to call them blue. 


Tue ĪSHIHARA TEST FOR COLOUR BLINDNESS 


In a very interesting letter to Nature Vernon and Straker? 
showed that the percentage of red-green defectives in the population 


of Great Britain varied from 5.37% to 9.45%, with an average of 
7-49%. These figures were found in the course of testing recruits 
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for the Royal Navy in 1942 and 1943. This was an unexpected result, 
since the figure usually accepted has been about 4% or 5%. These 
authors suggest that the difference is due to the difficulty of the test 
used, which was a modified form of the Ishihara and Stilling’s Tables 
combined. They think it picked out many of the “ colour-weak ” 
or “ anomalous trichromats”’, as well as the strictly colour blind. 

In the rotating disks experiment about 4% of red-green blind 
subjects were found, and 2% of green anomalous, purely by chance, 
in the 109 men tested. It is not easy to be perfectly confident of 
the absolutely chance discovery of colour-blind men under the 
conditions of this experiment. With many it is almost impossible 
to avoid suspecting that they are colour blind before they are asked 
to do the tests, and at the same time it is extremely difficult to avoid 
the escape of a certain number of colour-vision defectives, who are 
asked wholly at random, but refuse to be tested for a variety of 
personal reasons, some of which it is impossible not to take seriously. 
For more than a year I tried to get one man who was asked purely 
at random to come to the laboratory, but he was always too busy for 
that, although he was quite willing to sit over a cup of coffee to chat 
for as long as it would take to do the tests, but if this was pointed out 
to him, he invariably had a train to catch or important work to do. 
This was specially annoying because his curious prevarication when 
asked to name the colour of some green curtains raised serious 
suspicions that he fhight be colour blind. Another man has repeatedly 
asked to be tested, implying that there was little doubt that his colour 
vision would be found to be abnormal, but has invariably failed to 
keep the appointments that were made. In testing for the Royal 
Navy it is more likely that the proportions of red-green blind would 
be less rather than greater than the true proportions in the population, 
because a certain number who knew their defects would be sure 
of detection would refrain from choosing the Navy as their branch 
of service. 

Many of the subjects in the rotating disks experiment were asked 
to do the Ishihara Test. At first it was hoped that the degree of 
colour weakness might be revealed by the number of mistakes, 
alternative or doubtful readings in the test, and that there might be 
a correlation between the two tests. This hope was altogether 
abandoned after a more careful study of the real nature of the prob- 
lems and a review of the results obtained. The Ishihara Test was 
used with a standard 60-watt lamp fitted with a half-watt-to-daylight 
colour filter, and the distance of the lamp was about one metre. 
It was placed in such a position that the subject could not take advan- 
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tage of the differential reflection of light from the various coloured 
inks in the Ishihara Test. This is a very important point when using 
this test either in daylight or in artificial light; many colour-blind 
subjects can read figures which “shine” in a certain light, while 
normal subjects can read the alternative figures for colour-blind 
subjects in the same way. The “ daylight” filter converts half-watt 
light to normal daylight, and is much more constant than even the 
light from a north window. The test plates were in the dark when 
not in use, and were thoroughly clean, and the subjects were tested 
with great care. Tables 20 and 21 show the results for 14 men and 


TABLE 20 


PERFORMANCE OF MEN IN THE ISHIHARA TEST 


Reading Correct | Double | Errors No Reading 
Extreme | | 
Protan- 3 | 2,1 | 0,0,12 9, 15, 16 15, 8,7 
opes Moderate 
(3) 1,2,2° 2,1,3 II, I1, 13 It, 13, 7 
Extreme 
Deuter- (3) i; iy 2 2,1, 15,15, 15 78,7 
anopes Moderate 
(5) LLLLI| 33 13, 12, 12, | 8, 8, 9, 8, 
4 13, 12 8 
| 
Anom. | 
Green (2) D2 | 8,2 9, 13 6, 8 
R-G (13) Mode 21 I 4 o 
Weak Scatter o—7 | o—4 o—1 
14—24 
Normal Mode 20 2 o 
0) | Scatter o—8 I—4 o—5 
14—24 


4 women who were red-green blind, 2 green anomalous men, 13 
men and 18 women who were red-green weak, and 9 men and 27 
women who were normal. The red-green weak were those with more 
than twice the modal range in the red-green test. A distinction was 
made between moderately and extremely red-green blind, in terms 
of their ranges of matching. The distinction between the anomalous 
and the red-green blind has been explained earlier in the chapter. 
In these tables the numbers of correct readings of single plates 


in the Ishihara Test are shown for the colour blind, and anomalous 


subjects individually. For the colour weak and normal subjects the 
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TABLE 21 


PERFORMANCE OF WOMEN IN THE ISHIHARA TEST 


Reading Correct Double ! Errors No Reading 
Protan- Moderate 
opes (2) 21 a It, 12 rE. 
[ Extreme 
Deuter- (1) | a o 16 8: 
anopes Moderate | 
(1) | 2 6 11 6 
R-G (18) | Mode 22 o 4 o 
Weak Scatter 
15—25 o—7 o—7 o—! 
Normal (27) | Mode 21 o 3 o 
Scatter | o—6 o—6 o—I 
ok! a i 16—25 eae 7 


modal frequencies of correct readings and their scatter are shown. 
The frequencies of double readings, unqualified errors and complete 
failures are shown in similar ways. A perfect reading of the test 
requires twenty-five correct interpretations, including no reading of 
each of four plates which are supposed to be illegible to the normal. A | 
complete failure requires correct reading of the first plate, which 
is used to show the subject what he is expected to be able to do, 
eight plates with no reading and sixteen simple errors including 
the four plates illegible to the normal. No double readings or alterna- 
tives should be given by anybody if the test is perfectly satisfactory. 

The tables show that the Ishihara Test successfully failed all the 
colour blind and anomalous subjects, even on a level so lenient as two 
correct readings in twenty-five (one of which was the “joker”).18 The 
two anomalous subjects were not distinguished at all by the test, | 
and this result has been confirmed with many more green anomalous 
and three red anomalous subjects since the rotating disks test was 
done. It is clear that the Ishihara Test would fail a considerable 
number of normal and red-green weak subjects if the standard of 
failure were as strict as 14—18 correct readings, but the number 
of correct, alternative, faulty and blank readings gave no accurate 
information of the degree of the subjects’ weaknesses. It is quite 
unknown whether any of these subjects might be dangerous in practi- 
cal situations, as, for instance, in the Navy, and ought to be failed 
in a strict examination for colour vision, but if they are to be failed, 
then the Ishihara Test could not be used to discriminate them from 
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the perfectly normal. If the test was used with variable lighting, 
such as ordinary daylight, and if the plates were as soiled and faded 
as some recruits have told me they are, where large numbers have 
been tested, or if the testing was in the hands of those who do not 
have serious laboratory experience, then it will be even less reliable, 
Indeed, variations in quality of daylight from N.E. to S.W. might 
account for the frequency differences reported by Vernon and 
Straker. In the British printing of the Ishihara test, the composition 
of the lights reflected by the inks are not always the same as in the 
Japanese printing, though the colours are almost the same, and this 
would be another possible source of errors. 

A proportion of the red-green weak and normal subjects who 
made about the modal range of errors in the Ishihara Test were 
yellow-blue weak, and for a time it was thought that yellow-blue 
weakness might have an effect on the results with this test. They 
were not the ones who made the greatest number of errors, and yellow- 
blue weakness cannot be the main reason for their mistakes. Special 
cleverness of certain subjects, who had very good colour vision, and 
who could quickly pick out the figures they are not supposed to see, 
as well as the correct figures, was a frequent cause of as many as 
4—8 ‘mistakes and/or double readings, and some subjects with 
particularly good colour vision have given four or more alternative 
teadings for a single plate. This shows imagination and quickness 
at the spatial integration of dot patterns rather than colour weakness. 
Another source of errors was anxiety, especially where the subject 
was worried about his vision, and in one subject an inability to 
converge the two eyes accurately caused her to fail in the Ishihara 
Test, but it was known that she had this difficulty in ordinary read- 
ing as well and had no colour weakness. 

Vernon and Straker were therefore probably correct in their 
supposition that the [shihara-Stilling Test used in the Navy picked 
out many “ colour-weak or anomalous trichromats”’ as well as the 
strictly colour blind in the research they reported. These Pseudo- 
Isochromatic Tables, however, though satisfactory for detecting 
the colour blind, are far too unreliable for any attempt at picking 
out those with small colour weaknesses because the number of errors 
made is no indication of the degree of colour weakness. If anything 
the Ishihara Test is worse than Stilling’s Tables, because of the 
numerous alternative readings, which, though intriguing, are 
dangerous in a serious test. ' 

Before leaving this subject it might be useful to comment on 
Vernon and Straker’s terms “ colour-weak” and “ anomalous 
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trichromat ”. Their use of these terms would suggest that the colour 
weak and the anomalous trichromats are identified, or perhaps that 
the anomalous trichromat is the more and the colour weak the less 
extreme of the two. It suggests that they think of colour-vision 
defects as subject to continuous variation: normal, colour weak, 
anomalous trichromat and colour blind, just as we have arbitrary 
subdivisions of the continuous grading of intelligence quotients. 
The term “ anomalous trichromat ”, will not be used because it is 
unnecessarily ambiguous. Few truly red-green blind subjects are 
strictly dichromats, requiring absolutely not more than two primaries 
to match all spectral colours which they see, both in hue and in 
saturation. The normal, deviant, colour weak and possibly even the 
anomalous subjects in my grouping, however, are not trichromats, 
but require at least four primaries, to the best of our knowledge. If, 
by “ anomalous trichromat ” we mean the red and green anomalous, 
then there is no simple continuity between the red-green weak, the 
anomalous and the colour blind. The red-green weak are the 
extremes of variation of the “ normal ”, while the anomalous and the 
colour blind are recessives in a sex-linked system of Mendelian 
characters. The Ishihara Test is cleverly constructed to operate 
at the juncture of these discontinuous variations with the “normal”; 
it fails all colour blind and anomalous and includes a proportion of 
normal and colour weak in its failures if operated on a strict level, 
though it is inconsistent and unreliable in the way it deals with the 
colour-weak and normal subjects. 


INDIVIDUAL SUBJECTS: (GREEN ANOMALOUS 


Two green anomalous subjects were found wholly by chance in 
the sample of 109 men: the frequencies were, 103 normal, 2 green 
anomalous, 4 red-green blind. This is rather a lower percentage 
of major red-green defectives than is usually found with the Ishihara 
Test. The Holmgren Wool test generally gave about 5% of red- 
green blind, but the Ishihara Test usually gives 7% or more, because 
it fails anomalous subjects as well as the red-green blind. In this 
series, in order to be as guarded as possible, two red-green blind men 
were excluded from the “ chance” sample, on the ground that it 
was known by accident that they were defectives before they were 
actually called on to do the test. If this knowledge had not been 
gained beforehand, they would have been in the “ chance ” sample, 
and then the proportions of red-green blind and anomalous would 
have been nearer to what may be regarded as the usual figures. 


O - 


THE ROTATING DISKS EXPERI 
ERIMENT 
No red-anomalous subjects were found in this sevice Iog 
» even after th 
e 


most diligent searching for red-green defecti i 
of the other subjects. F i ctive friends and relatives 
peor green anomalous subject, even after the most careful re- 
ing and practice at the experiment, had a deviation of 32° t re 
green side in the red-green test, which is 4.85 times the pe 
deviation (sigma) for the normal group, and yet his range of matha 
was only slightly greater than the modal range. Neither his range 
nor his deviation in the yellow-blue test was in the least abnormal 
This subject failed outright on the Ishihara Test, and even when he 
became so expert at it that he knew the correct figures by heart, he 
was still unable to see them. He was, of course, classed “ totally 
green-blind” by that test. Nevertheless, he had no difficulty with 
the Holmgren Wool Test : all sixteen of his matches for the green test 
skein were correct and were made without hesitation, but he chose 
three slightly blueish pinks out of thirteen matches for the pink 
skein. In the beads test he had no difficulty whatever, except with 
the minute and almost colourless pale green beads, which are not 
generally used in the test at all. He thought they might be “ white ”. 
He called the Ilford Spectrum Yellow colour filter “ green °}, which 
was found later to be characteristic of the green anomalous, but 
had no difficulty with colours in daily life except in finding red golf 
tees in the green grass. On one occasion, in a very quick test, he 
almost called a green signal light “ grey ”, and he expressed the view 
that it “ takes a woman to name colours, especially greens ”. 

The green anomalous are distinguished by extreme deviation in 
the Rayleigh Equation; and in fact, the Rotating Disks Test, being 
very polychromatic, does not give them as great a deviation as they 
have in a test with monochromatic red, green and yellow. They 
pass Nagel’s Card Test easily, though he claimed to be green anoma- 
lous himself, and regarded it as especially suitable for detecting 
them, There is little doubt that the true green anomalous were 
entirely missed by his test, and that the subjects to whom he applied 
that term were in fact moderate deuteranopes, as he probably was 
himself. He claims that the green anomalous are also distinguished 
by exaggerated simultaneous contrast. 


The possibility of enhanced simulta 
anomalous and colour-blind subjects, will be discussed later. It 


is probable that the impression that certain red-green defectives 
have enhanced simultaneous contrast has been due to a failure to 
understand their use of colour names. The anomalous are almost 
as particular as the normal in all colour matches. and have few 


neous contrast in colour-weak, 
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peculiarities of colour naming, though they often express irritation 
at the “ fancy ” names for colours, especially for pastel shades of 


green and pink. 
INDIVIDUAL SUBJECTS: DEUTERANOPES 


Two sisters who were deuteranopes must be discussed. The 
elder was aware that she had a defect, but the younger believed she 
was normal until tested. The Ishihara test shows her clearly to be a 
deuteranope, the photerythrous class, because she can read the 
vermilion figures and not the purple figures on a grey background, 
which are used to distinguish protanopes and deuteranopes. Those 
who can read the purple figures but not the vermilion are protanopes. 
In this test in general she was just able to read the figures intended 
for normal subjects, but could see those read by the colour blind 
more easily. Sometimes her reading was a combination of both 
sets of figures. Her failure on this test was less complete than that 
of the green anomalous subjects, and in an examination with the 
Ishihara alone it is not unlikely that she would be classed as “ green 
anomalous ” and they as “ totally green blind » This interpretation, 
which might easily be made by many students of colour vision, would 
be wholly unjust. Her matching range in the red-green disks test is 
more than three times as great as that of the anomalous and her mean 
deviation in this test is about 13 x sigma for the normal. It is true that 
she rejects the normal mid matching point by a wide margin, which 
makes her more like the green anomalous than most deuteranopes, 
but other points have to be taken into account. In the red-green 
test she saw both disks alike at the fully green end of the scale, but 
she called them both “red”. It is true that the green anomalous 
subject will call a certain red-green mixture which looks green to the 
normal “ red ” up to the point at which it matches the yellow standard 
for him, but no green anomalous subject would apply the term red 
to a saturated green and to the grey standard at the same time. This 
kind of colour confusion is characteristic of the red-green blind. 
When the red-green disk became red enough to be distinguished 
from the standard she began to call the latter “ green-brown ” and 
continued to call the red-green disk “ red ” right up to the fully red 
end of the scale. This terminology does not imply that she had 
enhanced simultaneous contrast, as might be thought, but is simply 
due to her applying the term “ green-brown”’ to the desaturated 
yellow standard, which she was unable to distinguish from green. 
Since she rejects the normal mid matching point she might be 
considered unusually strong in red vision, but this must be taken as 
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relative to her green vision, which is extremely weak, because she 
confuses desaturated red and yellow, and even red and grey, and 
calls both saturated green and grey “ red ” under certain conditions 
explained above. Her red vision may be relatively stronger than her 
green, but her ability to distinguish red and green is exceedingly weak 
compared with the normal and vastly weaker than that of the green 
anomalous. j 

She is normal in the yellow-blue test, but when the yellow-blue 
disk is on the blue side of the normal matching point she calls it 
“ green ”, and the grey standard which matches it in brightness 
“creamy red”. When the yellow-blue disk is on the yellow side 
she calls it “ red-pink” and the grey standard of equal brightness 
she now calls “ white-pink ”. The black surround of the disk she 
calls “ brown ”, which is the same essential confusion as her tendency 
to call both the green and grey “red”: just as grey can be called 
“ted”, so can black be called “ brown”; but this must not allow 
us to suspect her of being a protanope, because her brightness matches 
for all colours are normal, whereas the protanope invariably makes an 
exceptionally dark match for red. She is extremely weak in red and 
green, compared with the normal, though only moderately red-green 
blind, and her red saturation sensitivity is greatly reduced though the 
brightness of red is unchanged for her. On the Young-Helmholtz 
theory such a condition would be inconceivable. 

It will be worth discussing the subject’s terminology for colours 
more carefully. Her confusion of terms is partly due to her difficulty 
in distinguishing desaturated greens from greys, so that in her 
efforts to use names in the way other people seem to use them, she 
might apply the term green to a desaturated blue as the colour to 
which it seems most likely that other people must be applying it. 
Her confusion is also due to her difficulty in distinguishing between 
desaturated reds, greens, yellows and greys of equal brightness. 
Thus when a desaturated blue, which she ventures with some 
confidence to call “ green,” is compared with a grey of equal bright- 
ness, that grey is called “ creamy pink”. The term “ pink” she 
applies to a range of desaturated reds, yellows and greens, and to 
certain greys, all of which it is difficult for her to distinguish. When 
the grey is contrasted with desaturated yellow, it is called “ white- 
pink”, but the yellow is called “ red-pink ”. All desaturated reds 
and yellows, being alike, may be called “ red ”, “ pink ”, “orange ”, 
or “yellow ”, according to saturation. “ White-pink ” therefore 
means “ whiteish-grey ” in our terminology; “ red-pink ” means 
“ yellowish-grey ”; and “ creamy-pink ” means “ creamy-grey ”, 
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because “ pink” is her private name for colours often indistinguish- 
able to her, but easily distinguished by her friends, and she has 
adopted this terminology (ambiguous to us) in order to try to 
adapt herself to a world of other people who have far too many colour 
names for her to use for the different colours she sees clearly. 

When the colours of the disks are what we should call either very 
bright or saturated, however, she does not apply the term “ pink js 
to any of them: it is reserved for desaturated or greyish colours. 
Thus the red-green disk when fully green is very bright, like the 
bright desaturated yellow with which she matches it for hue, and 
she applies the more forceful term “red” to both. As the yellow 
becomes darker and is mixed with black instead of white, it becomes 
relatively more saturated at the same time, and she calls it “ green- 
brown” in contrast to the increasing redness of the red-green disk. 
This is not because she has enhanced simultaneous contrast, but 
because she exploits the term “ green-brown”’ to distinguish a 
desaturated yellow from a red which she now sees more clearly. 
This discussion suggests that her private terminology for colours is 
perfectly rational, and is the result of efforts at adaptation to meet 
her difficulties over differences almost indistinguishable to her and 
over the terms other people confidently use for them. | 

The elder sister was also a deuteranope, but distinctly more 
colour blind. She was aware that she had a defect, because she had 
been asked to name the traffic lights in the course of an examination 
for a motor driving licence in the U.S.A. To the examiner’s astonish- 
ment she called the green light “ grey ”, the yellow “ orange ” and 
the red “ red ”, but had no difficulty in distinguishing between them. 
He was silent for some time from amazement and then decided to 
pass her. Green is her favourite colour, though it is impossible to 
believe that for her it can be anything like what normal people call 
green. On the Ishihara Test she failed completely on every card, 
and was quite unable to distinguish the figures seen by normal 
people. Like her sister, she saw the vermilion and not the purple on 
a grey background, and must be classed as a deuteranope. On this 
test she is therefore “ totally green blind ”, and in no way distin- 
guished from the green anomalous subject described above. She took 
the Ishihara Test home and tested her father, who gave exactly the 
same result as herself. He firmly insisted, however, that his colour 
vision was perfectly normal and absolutely refused to come to the 
laboratory to have a talk about it. She has four paternal uncles, 
two of whom are said to be colour blind, and two paternal aunts 
said to be normal. Her mother was believed to be normal and came 
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to the laboratory to be tested, and her colour vision will be discussed 
below. 

In the rotating disks experiment this colour-blind girl was abso- 
lutely normal in blue and yellow, though slightly less sensitive than 
the very best subjects. In the red-green test her range of matches 
carried her from the fully green end of the scale very nearly to the 
red end, with the result that she has a very big range and a moderate 
green deviation, and easily accepts both the normal mid matching 
point and that of green anomalous subjects. Both disks looked 
“grey” to her from the green end until the normal matching point 
was reached, and then they both began to look “ pink”. When 
they were distinguished in colour the yellow-black-white disk 
became “ orange-pink ” and the red-green disk became “ purplish- 
pink ”, Finally the “ orange-pink” became “orange” and the 
fa purplish-pink ” became “ red ”. Therefore, although the Ishihara 
Test classified her as “ totally green blind”, she has a very large 
weakness in red as well as in green, and probably has as much as 
ten times more difficulty in distinguishing between red and yellow 
than the normal person, as well as confusing red and green. Hence 
the term “ green blind” would be thoroughly misleading in its 
application to her condition. Ina subsequent test which demonstra- 
ted her colour vision to a large audience,* this girl misnamed spectrum 
ted as “ green ”. She is not at all reserved about her colour blindness, 
but delights in naming colours before her astonished friends, who 
cannot decide whether she is joking or serious when she calls green 
articles grey or red ones green. Her mother has to buy her lipstick, 
and this shows that difficulties in daily life are not with greens 
alone. à 

The mother of the two colour-blind women just described, was 
believed to be normal in colour vision, but on being tested with the 
rotating disks she proved to have a small blue weakness and more 
than twice the modal range in red and green, but she had no deviation 
in the red-green test. She passed the Ishihara Test easily, though she 
was able to read the figures supposed to be visible only to the colour 
blind. She believes she has no colour-blind relatives, and, as her 
father was a draper, she thinks that he could not have beena red-green 
defective, but, as will be seen later, this is not adequate evidence, 

€cause many colour-blind people are extremely clever at distin- 
8uishing colours under conditions of lighting which they select 
themselves, and when working with materials and articles of which 
they often already know the colour names. 
* British Psych. Soc., Glasgow Meeting, 1944, at Jordanhill T.C. 
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In this family, from what we know of sex-linked inheritance, 
the most probable state of affairs is that the father is a “deviant” 
deuteranope, like his daughters, and that the mother is heterozygous 
for the same red-green defect. The maternal grandfather may have 
been a “deviant” deuteranope, but, on the other hand, the mother 
may have inherited her heterozygous condition from her own mother, 
who could have gained it either from the male or female side of her 
family. Daughters of matings between a heterozygous woman and 
a colour-blind man (presumably of the same type of defect) have an 
equal chance of being colour blind or heterozygous, and in this case 
both were colour blind. 3 

Another subject was rejected in a colour-vision test for the railway 
services. He has never believed that he was colour blind, and remains 
a little resentful at being rejected, after more than 30 years. His 
yellow-blue vision is excellent, but when he sees the yellow disk 
as different from the standard grey he calls it “ reddish ” or “pinkish”, 
reserving the term “ yellow ” for more brilliant and saturated shades 
of what is to him essentially the same colour as red or green. In the 
Ishihara Test he failed completely, and he is a clear deuteranope. 
In the red-green disks test he has a very wide range, but distinguishes 
the most saturated green from the standard, calling it “ buff ” and 
the standard “ yellow ”. At the red end he is again able to distin- 
guish the two disks, now calling the red one “pink” and the yellow 
one “ yellow”. This subject is specially interesting because he has 
the central scotoma for red-green vision which is met with occasionally. 
His fixation of the disks often allows part of the margin of a disk 
to fall outside the central scotoma, and then he notices more colour 
difference at the edge than at the central parts of the disks. In 
consequence he often suspected that he had missed a real colour 
difference, and complained that the disks seemed more deeply 
coloured at their margins than in the centres. This difficulty occurred 
only as we approached the red end of the scale, and all colour matches 
which were doubtful on this account were excluded. If they were 
included his range would be increased by at least half in the red 
direction. ; 

It is well known that the possiblity of meeting with such subjects 
makes it essential that all tests of colour vision should be done with - 
test objects small enough to be confined to foveal vision when 
fixated directly. For instance, subjects of this type might be able 
to pass the Ishihara Test if they were allowed to bring it close to the 
eyes. Hence, if any subject asks to be allowed to come nearer to the 
test objects than the standard distance, special caution must be taken 
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in examining him. The excuse that he is short-sighted is not accept- 
able: I have tested many short-sighted subjects with and without 
their spectacles and found no difference in colour vision with the 
usual tests. 

Professor W. J. B. Riddell has told me that he believes that 
foveal colour blindness is due to heavy smoking of tobacco, and 
certainly this subject was a heavy smoker. It was not possible to 
persuade him to give up smoking for a month and then re-test him, 
because he did not agree that he had any defect. However, his red- 
green matching range was ten times the modal range and he had a 
deviation in the green direction amounting to 8.5 x sigma for normal 
subjects, Many men are heavy smokers, however, without being 
colour blind, and some colour weakness may be necessary for smoking 
to have this effect. 


INDIVIDUAL SUBJECTS: A PROTANOPE 


In order to illustrate the characteristic reactions of protanopes 
in the experiments here reported, and in daily life, it will be convenient 
to take two colour-blind women again. Like the deuteranopes just 
discussed they are sisters, and this time it will also be possible to 
discuss the colour vision of their father. The elder sister has great 
difficulty in seeing red berries on a tree, and knows that she confuses 
greens with browns. She never makes a mistake with yellow, 
however, unless it is greenish, but confuses blue, heliotrope and 
pink. She failed wholly on the Ishihara Test, falling decidedly 
into the so-called “ totally red-blind ” class. She is scoterythrous, 
a protanope, and she thinks the black sector of the standard disk 


might be red. 
“ ENHANCED ” SIMULTANEOUS Contrast! 


In the yellow-blue disks test she has a decided weakness in blue, 
and calls the blue sector of the disk “ pink ” (a most characteristic 
error of the protanope), while the standard grey she calls “ green ”. 
When the yellow-blue disk is yellower than the standard she calls 
it “ beige ” and the grey one “pink”. This terminology suggests 
that she has exaggerated simultaneous contrast. The colour blind 
are striving to apply the terms we use, though they see far smaller 
differences of hue and saturation than we see. If their own simul- 
taneous contrast effects are no greater than ours, it would be true 
that they try to apply colour names to these small differences just 
as they also strive to use them of real colour differences, for them 
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equally small, which are what they see when we see differences that 
are very marked. Since simultaneous contrast produces only relatively 
small differences for us, compared with the marked differences of 
hue and saturation with which we are familiar, we do not tend to 
apply emphatic colour names to them so freely as the colour blind 
do. Even if their simultaneous contrast effects were smaller than 
ours, it would still be easy to understand the peculiarities of termin- 
ology which make us think they are greater. In their efforts to con- 
vince themselves and us that they can see colours as easily as we do, 
they tend to apply emphatic terms to minute differences. A hue 
faintly bluer than mid-grey is as different from it as red is from green 
for them, although the red-green difference is vastly greater for us. 
Hence it is as rational from their point of view to call the blue 
“pink” and the grey “green”, thus suggesting exaggerated 
simultaneous contrast, as it is to call the red “ orange ” and the green 
“ yellow ”, thus revealing their colour blindness. If the colour 
blind do succeed in applying our terms correctly to the small differ- 
ences of hue and saturation which they see, then we may imagine 
unsuspectingly that they can see the colours as vividly as we do. 
This is a mistake. Similarly, when they apply the terms, still correctly 
but in exaggerated ways, to the very small differences produced by 
simultaneous contrast and often existing apart from it in colours 
which they can see, we readily suppose that their colour differences 
are again as great as their terms suggest. So we assume that they must 
see great differences where we see small, because they still apply 
their technique of using emphatic terms for small differences, and 
we infer enhanced simultaneous contrast. 

Suppose that this subject sees a pale blue, which she calls “ pink ” 
because it is a colour she would confuse with pink. As a result of 
her habitual striving to name colour differences in our way, she 
calls the contrasting grey “ green”; then it is easy for us to suppose 
that she can see green by simultaneous contrast better than she can 
directly. Similarly, when the yellow-blue disk is yellower than the 
standard, she calls it “ beige’, which is the same as green to her, 
and then she calls the grey standard “ pink ” in order to emphasise 
the scarcely visible difference. We, however, might fall into the 
error of thinking that she sees pink better by simultaneous contrast 
than normally. No doubt there is some simultaneous contrast, but 
there is no adequate evidence that it is greater in the colour blind 
than it would be forus. Indeed, on any theory of colour vision it would 
be difficult to suppose that it was greater in the colour blind, because 
colour blindness is a reduction defect, and what is lost in direct 
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experience cannot easily be over-compensated by contrast, except 
in the secondary way described. What the colour-blind person 
does is to confuse small effects of contrast with the equally small 
true colour differences which he sees, because both are as faint to 
him. In a class of fifty students it is usual to have to train a certain 
number to seç simultaneous contrast effects, but never necessary to 
train a colour-blind person, because he has been practised in observ- 
ing minute colour differences diligently but without intention since 
he was an infant. The reason why Nagel has used the presence of 
what he believed to be enhanced simultaneous contrast to distinguish 
what he called the anomalous, is found in his application of the term 
anomalous to those who are moderately colour blind rather than to 
the truly anomalous, which is a very common way of using the term. 
These moderately red-green blind, though not the truly anomalous, 
are the very subjects who constantly see minute differences of hue 
and saturation where we see great differences, and they are the ones 
who make the kind of over-compensation explained above. Nagel 
found correctly that this sort of colour naming error was characteristic 
of those whom he called the “ anomalous ”, but they were not 
anomalous and the error was not due to enhanced simultaneous 
contrast. The extremely red-green blind do not see these small 
and often nameless differences at all, and they escape the sort of 
error of naming which suggests exaggerated simultaneous contrast. 

In the red-green disks test this subject has a large range of 
matches and a marked deviation to the green side, although she is 
a protanope. In other words, although she has the characteristic 
darkened red vision of the protanope, she is still better able to dis- 
tinguish red than green from yellow of equal brightness. 'This 
would be incomprehensible on the Young-Helmholtz theory. 
At the green end she calls the green disk “ beige ” and the standard 
“ white ”+ in the middle of the range she calls both “ yellow ”; at 
the red end of the scale she calls the red disk “ pink ” and the standard 
“orange ”, 


OTHER PROTANOPES 


Her sister also knew she was colour blind most of her life, and 
she, too, confuses pink and pale blue, while her most distressing 
mistake is to take red for black, or the reverse, and the black sector 
of the standard disk she called “ red ”. She failed completely on the 
Ishihara Test and was classed by it as a protanope. In the yellow- 
blue disks test she is weak in blue, but her contrasts in this test are 
between “ blue or pink ” when the yellow-blue disk is bluer than 
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the standard, and “pink or blue” when it is yellower. This termin- 
ology is easily understandable. She confuses desaturated reds and 
yellows because of her red-green blindness, and she confuses blue 
and pink because she is a protanope and the red in pink is subtracted 
for her, leaving only pale blue. Hence in doubtful circumstances 
she can use the term “ pink”’ for either yellow or blue in contrast 
with a grey of equal brightness. Her alternative terms showed that it 
seemed more likely to be blue when it was bluer and more likely to be 
pink when it was yellower, which is quite correct according to her 
form of colour vision. In the red-green disks test she has a little more 
than haif the matching range of her sister, and is decidedly less 
colour blind, though she has equally darkened red. At the green end 
of the scale she calls the green disk “ pink” and the standard 
“ orange ”; at the red end she calls it “ yellow ” and the standard 
“pu u 
P The father of the last two subjects was not only red-green blind, 
but had lost the use of his right eye as a result of an accident 
sixty-nine years before the present tests were done. He died 
recently at the age of 81. He believed that he had better 
colour vision than his daughters, but, according to the test he was 
decidedly worse. His business was with gems, on which he was a well 
known expert, and he explained in detail that he never had any 
difficulty in distinguishing gems by their colour and was always 
correct. Like his daughters, he was of the darkened red type, a protan- 
ope, and failed completely on the Ishihara Test. He had a weakness 
in blue exactly similar to that of his daughters, and since these three 
were the first protanopes tested in detail here, it seemed possible 
that the weakness in blue might be characteristic of them, and might 
account at least in part for their marked tendency to confuse pink 
and pale blue. However, these two hypotheses were not borne out 
by later studies of protanopes. It is not a characteristic of protanopes 
to have a weakness in blue, and although it is usual for them to 
confuse blueish pinks and magentas with pale blue, this is due to 
their greatly darkened red, which cuts out most of the red and leaves 
mainly blue in blueish pinks. For example, to a protanope rose pink 
may be exactly the same as sky blue; but to a deuteranope it will 
more often be almost colourless; because both see the red in it as a 
yellow which is complementary to the blue, but for the protanope 
that yellow is almost too dim to have any effect and it leaves the 
blue outstanding. 
In the yellow-blue disks test this subject called the standard grey 
and the variable “ yellow” when most people see it as bluer, but he 
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called the standard “blue” and the variable “ grey” when most 
people see it as yellower. This peculiar terminology was due to 
the same efforts to adapt himself to our colour names as in his daugh- 
ter, who used the term “ pink ” in the yellow-blue test where he 
used “yellow”. For certain very desaturated shades, the terms 
“pink”, “blue”, and “ yellow” might be synonymous, and it is 
a matter of chance which the subject happens to use unless he is 
Corrected. Having called the variable “ yellow ” (=“ pink ”) when 
it was bluer, because blue and pink are indistinguishable, he called the 
Standard “ grey ” coriectly in contrast. At the other side of his 
matching range, when the variable seems yellower to most people, 
he applied the term “ grey ” to bothstandard and variable. The double 
complication is caused by the two facts, first that desaturated blues 
and pinks were identical to him within certain limits, and second 
that desaturated blues and greys could also be identical. Then his 
terminology depended on what he happened to start with, and in this 
test the errors continued almost consistently. 

In the red-green disks test he called the green disk “ yellow” 
at the greenest end, and the corresponding standaid “‘ grey ”, and at 
the extreme red end he used exactly the same terms. Red was greatly 
darkened for him, since he required go° more black than deuteranopes, 
although it was subsequently found that the disks test, owing to the 
polychromatic nature of its red, does not reveal the darkening of red 
at anything like its full value for protanopes. It is likely that this 
darkening contributed to his ability to judge the colours of gems. 
He admitted in conversation that a dark coloured gem must be either 
blue or red, and for the most part saturated blues were well perceived 
by him, and he knew that a dark coloured gem which is not blue 
must be red. He did not need to think this out: it was perfectly 
automatic. Light coloured gems will be either yellow or green, and 
the difference between these colours for him was determined by the 
less saturated character of green. Pale blues were perceived as blue 
or grey, and pink was an alternative to blue under some circumstances, 
but, generally speaking, it was found that rose was called “blue” rather 
than blue “ rose”. It is very difficult to believe that a man with such 
an extreme colour-vision defect was as competent as he claimed to be 
in dealing with the colours of gems. One would like to make certain 
carefully planned tests. It is unusual for precious stones to be wholly 
unnamed by any of the parties to a transaction, and the colour blind 
man may rely unconsciously on naming more than he thinks. Prec- 
ious stones also have their characteristic crystalline structure, 
“water”? and refractory properties, and are also cut differently, 
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according to their kind. Nobody who had spent his life working with 
them, not even a protanope, would confuse a sapphire and a ruby, or 
a diamond and an emerald. This subject was certainly most clever at 
making the utmost use of what colour sensitivity he had, and exploit- 
ing characteristic brightness differences and the shapes and sizes of 
familiar objects to help him out. This exploitation of secondary aids 
is wholly unconscious. It is hardly surprising that he left the 
laboratory completely unconvinced of his colour blindness, but 
fully realising his daughters’ defects. 

The third sister, who was believed to be normal in the family, 
also came to the laboratory to be tested, and proved to be decidedly 
red-green weak without any darkening of the red, and to have the 
characteristic blue weakness of the other members of the family. 
She made eight mistakes in the Ishihara Test, and it is doubtful if she 
would have been passed on a strict examination. She had the 
peculiarity of requiring the yellow sector of the standard disk in the 
red-green test to be reduced to 45° and then to 20° before the match- 
ing at the green end of the scale could be carried out. She had a 
range of about twice the mode, whereas her father’s range was at 
least ten times as great as hers. She had a considerable margin of 
uncertainty on the green side and this is the smallest possible 
estimate of her range. 

It is believed that the mother was normal in colour vision, but 
she was dead, and it is difficult to draw confident inferences from 
hearsay evidence, especially as one sister had been considered 
perfectly normal until systematically tested. We have now before 
us records of two families in each of which there were two colour- 
blind sisters ; a colour-blind father, and a mother believed to be 
normal in one family, and known to be slightly red-green weak in the 
other. In the family in which the mother was not tested there was 
a sister who was slightly red-green weak. All the colour-blind mem- 
bers were of the same type in each of these families—deuteranopes 
in one and protanopes in the other, and, as far as could be ascertained, 
they had a similar degree of defect. This is good evidence that the 
type and degree of defect are inherited : when the father was a pro- 
tanope the daughters were protanopes, not deuteranopes, and 
vice versa. 

The last protanope to be dealt with here was doubtful that he 
was more than slightly defective, but thought he confused red and 
yellow sometimes, though he was able to name green correctly and 
did not confuse red and green. He was very willing to be tested, 
almost enthusiastic, and was also a little over-confident about his 
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judgments of colours. He failed wholly on the Ishihara Test, and 
was able to see one vermilion figure on a grey background but none 
of the purple ones, so this test would probably have classed him as 
a doubtful deuteranope. He reported that his maternal uncle was 
considered colour blind, but a test for him could not be arranged. 
The first time the present subject came to the laboratory he was 
very good in the yellow-blue test, but called the yellow-blue disk 
“ pale blue ” when bluer than the standard and “ reddish”? when 
yellower. The corresponding standard he called “ red-brown” in 
contrast to the pale blue, and “ not white, might be anything ” when 
the variable was “reddish”. In the red-green test he called the 
red-green disk “ green” and the standard “ yellow ” at the green 
end of the scale, but at the red end he called the red-green disk 
“ pink” and the corresponding standard “ green 2, “ brownish 
yellow ” or “ red ” at different times, as if experimenting with differ- 
ent colour names to see which I would encourage by a smile or 
gesture, and which would excite disapproval. He was willing to 
admit that the disks were alike only at the normal matching point 
when he called them both “ green”. He was known to have had 
disputes with his sister about the colours of flowers. In addition, 
his colour naming was so suggestive of red-green blindness, that 
the result of the rotating disks test was considered unsatisfactory, 
and he agreed to come back for a re-test. It was particularly important 
to do this, in order to find out with what degree of certainty colour- 
blind subjects could be detected by the rotating disks test, and to see 
what types of subjects tended to escape detection, if any, and under 
what conditions they might be missed. 

In the re-test an experienced assistant was present to watch the 
Proceedings and make notes. This time he was given Holmgren’s 
Wool Test, Edridge-Green’s Bead Test and Nagel’s Card Test in 
addition to repeating the rotating disks test. In the wools test he 
was extremely slow and particular, and tried out numerous brownish 
skeins when matching the green standard skein. This almost endless 
consideration of fawns as possible matches for green, with a frequent 
quick glance at the tester to see what his expression reveals, is very 
characteristic of the red-green blind, whether darkened red or not. 
When matching the pink standard skein he picked up in succession : 
I, prussian blue; 2, pale blue; 3, peacock; 4, pale blue again; 
and 5, mauve. Then he asked if there were really any skeins the 
Same colour as the pink. He was told that it was his business to find 
them if there were any. Then he picked out the one skein which is 
an exact match, saying that it was “ quite good ” with a doubtful 
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air, as though he would be ready to reject it if the tester frowned. 
Finally he examined the pale blue and discarded it doubtfully for the 
third time. When matching the saturated red test skein he examined 
and discarded dark brown and reddish brown in succession. Then 
he chose some reddish and brownish skeins as “ nearly matching ” 
it. A performance of this kind could leave no doubt that we were 
dealing with a red-green blind man, and gave a strong presumption 
that he was a protanope. 

In the Edridge-Green Beads Test he chose red beads straightaway 
and put them in the red hole; then he considered several dark 
browns and finally added one brown bead to the reds. In the green 
hole he put yellow, fawns and greens; in the yellow hole nothing 
but yellows, but at this stage he found an additional green bead and 
put it in the green hole. In the blue hole he put blue and violet; he 
considered and discarded magenta and dark greenish blue, but added 
a black bead to the blues. 

On Nagel’s Card Test he made a doubtful pass, and showed 
evidence of what Nagel calls the heightened simultaneous contrast 
of the anomalous subjects. For reasons given above it is far from 
clear that the anomalous do have heightened contrast effects, and 
this subject proved to be a moderate protanope and not anomalous. 
Subjects like him tend to see a number of shades and hues of quality 
uncertain to them, and they tend to exaggerate any colour differences 
which they can see in attempts to convince themselves and the normal 
that they see colours efficiently. 

After these tests the red-green disks test was repeated with a 
more matter-of-fact, straightforward and less persuasive technique, 
and the subject made a number of doubtful matches which gave him 
a wide range in red and green with a deviation to the red side. 
Throughout all these tests it was clear that this subject was highly 
contra-suggestible about colour matches. It was as though he felt 
that there was always danger that if he agreed two colours were alike 
he would be laughed at for making a mistake. This was coupled 
with an exaggerated confidence. If asked in the ordinary way, 
“ Are the two disks the same ?” he would invariably answer, “ Oh! 
No! Absolutely different”, or “ Not the slightest resemblance!” 
Consequently it was necessary to avoid any direct questions which 
might provoke resistance, but instead to ask him to describe the 
two disks, without mentioning to him any words such as “ alike” 
or “ different ”. He then explained at certain points that they were 
indistinguishable to him. Even under these conditions he was 
unwilling to commit himself to a colour match, and usually added a 
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qualification, such as “ Nearly!” as an afterthought, for fear that he 
might have been wrong. By his habitual technique of refusing ever 
to make an exact match, he succeeded in giving the impression that 
he was very sensitive to colour differences, but since he regarded 
the pink skein in the Holmgren Wools which is exactly the same as 
the pink standard skein as “ quite good ” with an air of doubt, it is 
clear that he was often pretending to see colour differences which 
do not exist for him (or for anybody else, in this example). In the 
disks test there was no doubt of his having the darkened red of the 
protanope, and, indeed, all the tests confirmed the same interpreta- 
tion. Thus he selected dark brown as a possible match for red in the 
wools and beads tests, and he also considered peacock, pale blue and 
mauve as possible matches for pink in the wools, and magenta as a 
possible match for pink in the beads. His range of four times the 
modal range in the red-green disks test showed beyond doubt that 
he was red-green blind and not anomalous, and this range easily in- 
cluded the normal mid matching point. 

A subject like this taxes the tester’s ability to the greatest possible 
degree, and he has to be almost more of a clinician than a tester to 
penetrate the numerous defence mechanisms utilised by the subject 
to protect himself against the suspicion that he is not perfectly 
normal. Not the least of these defence mechanisms was an engaging 
readiness to submit to any tests that could be devised. Nevertheless, 
the persistent over-confidence, coupled with endless hesitation over 
colour matches which a normal person would not think twice about, 
on the pretext that he is exceptionally particular, and his unwillingness 
to accept any match, even that normally accepted without hesitation, 
laid him open to suspicion. If uncertainty persists in such a case 
after repeated tests, it is better to class the subject as colour blind 
than to give him the benefit of the doubt. An almost equally difficult 
subject who was a moderate deuteranope was found later. 


INDIVIDUAL SUBJECTS: A YELLOw-BLUE DEFECTIVE 


The last colour-blind subject to be considered here falls into the 
class of yellow-blue defectives. He was discovered in an interesting 
way. Another man who was tested hada small red-green weakness 
and a small weakness in blue as well. He had some difficulty with 
the Ishihara Test and could hardly pass it, and, when asked if he 
had any colour-blind relatives, he said one of his two sons must be 
colour blind because of his great difficulty with painting at school. 

his son was tested later. He was an extreme deuteranope. Since 
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red-green blindness is not known to be passed from father to son, it 
did not seem likely that the father’s small weakness was inherited by his 
son as colour blindness, and efforts were made to test the mother, 
but she lived some distance away and has not succeeded in arranging 
avisit to the laboratory. We, however, had no difficulty in persuading 
her father to come for a test, and, since any man whose daughter’s 
son is red-green blind may be red-green blind himself, this seemed 
important. When he came, however, the grandfather of the colour- 
blind boy explained that he had always had some difficulty with 
blues and greens, but did not think he was colour blind. He found 
the Ishihara Test rather difficult, taking a long time and complaining 
that he should have brought his reading glasses. The yellow-blue 
figures in Stilling’s Tables he was almost unable to read, and he was 
wholly unable to read the green-blue plates. In the beads test he 
put red and pink beads in the red hole; blue, peacock and greenish 
blue in the green hole; orange only in the yellow hole; and green 
and greenish blue in the blue hole. When asked at the end of the 
test why he had left out a certain group of beads, he said they were 
“ white ”—these were the yellow beads. 

In Holmgren’s Wool Test he matched the green, pink and red 
skeins correctly, but, owing to his peculiar response in the beads test, 
certain additional colour matches were asked in the wools test. He 
had great difficulty in distinguishing desaturated blue and yellow 
skeins from fawns of equal brightness, and in distinguishing green 
from greenish blue. 

In the red-green disks test he called the yellow sector “ white ” 
when it was at rest, and did not know whether the green sector should 
be called “blue” or “green”. He proved to have a moderate 
range in red and green with a slight deviation to the red side. He was 
just too sensitive to be classed as colour weak in this test. In the 
yellow-blue disks test he had a range as large as that of moderately 
red-green blind subjects in the red-green test, and again called the 
yellow sector “ white ”. His yellow-blue range was five times the 
modal range, with a marked deviation to the blue side. 

From all these tests it was clear that he was slightly weak in red 
and green, but exceptionally weak in yellow and blue, more in blue 
than yellow. If the red-green and yellow-blue results had been 
reversed, a slight weakness in yellow and blue and a weakness as 
great as his in red and green, he would have been classed without 
hesitation as a red-green blind subject. Hence it would be reasonable 
to consider him yellow-blue blind. There is, however, an important 
difference. It will be seen that all forms of red-green blindness are 
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products of discontinuous variation and are subject to sex-linked 
inheritance. Yellow-blue defects, however, are subject to continuous 
variation and are not sex-linked. This subject was an extreme of a 
series of yellow-blue defectives, who could be arranged to fill in a 
normal curve which would include him and all the yellow-blue 
weak subjects as well as the normal. Such a series of subjects would 
be the same for men as for women and could include both sexes 
indifferently. Three facts give strong suggestion of the truth of 
this hypothesis: first, the great rareness of extreme yellow-blue 
weak subjects; second, the relative frequency of intermediates; 
and third, the frequency of moderate yellow-blue weaknesses in 
women, which is equal to that among men. In red-green vision the 
State of affairs is quite different : women are more often colour weak 
than men, but men are much more often colour blind; and the 
extremes are more common than the intermediates. 

It would be very difficult to fit this subject into either the Young- 
Helmholtz or the Ladd-Franklin colour-vision theory. On the Young- 
Helmholtz theory he could not be classed as “ red-blind” or as 
“ sreen-blind ”, because his colour vision for these colours is almost 
normal; and he could not be classed as “blue-blind ” because his 
weakness in yellow is nearly as great as that in blue; but yellow-blue 
blindness ‘is theoretically non-existent on the Young-Helmholtz 
theory. On Ladd-Franklin’s theory a person cannot be extremely 
weak in yellow and blue without being at least equally weak in red 
and green, He would be equally difficult to fit into any of Edridge- 
Green’s seven classes of defectives, for he combines the good red- 
green vision found in hexa- and heptachromics with weaker yellow- 
blue vision than usually found in dichromics. Such a case carnot be 
accounted for in terms of pigmentation of the retina or other trans- 
Parent parts of the optical system, because as much blue as yellow 
Pigment would be needed, and, unless such pigments were almost 
monochromatic they would affect the whole spectrum and reduce 
red and green to a much greater extent than in this subject. 

It is specially interesting that this subject’s grandson should be 
red-green blind, and has no noticeable weakness in yellow and blue, 
but it is most unfortunate that the mother has not been able to come 
for atest. We may make a hypothesis that the yellow-blue blindness, 
when transmitted, at least in this case, became red-green blindness 
in the daughter’s son. This would fail to accord with the discovery 
that types of red-green blindness are inherited strictly in their own 
form. The other hypothesis, that the mother was heterozygous for 
ted-green blindness and gained it from her mother and not from her 
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father, is more probable. In this case the ‘son’s red-green blindness 
will have had no connection, either with his father’s weakness in 
red and green or with his maternal grandfather’s yellow-blue defect, 
but will have come from his maternal grandmother’s mother or 
father. 

Many people doubt that yellow-blue blindness exists, but this 
case seems to put the matter beyond doubt, and also reveals a number 
of interesting points about its relation to red-green defects. If it is 
true, however, that yellow-blue blindness is simply the extreme of 
a continuous variation, then we shall have more difficulty in defining 
its limits than we have with red-green blindness, and the question 
whether the term “ yellow-blue blindness” ought to be used at all 
may be raised. 


Chapter 4 
THE “PAIRED COLOUR-FILTER TEST” 


THERE are many objections to the use of rotating disks as described 
in the last two chapters. The rotators are heavy and must be screwed 
down on a solidly constructed table to withstand vibration. A motor 
and shafting are needed, and a special lamp situated in an exactly 
standardised position. An easily movable test for colour vision 
could not be constructed in this way, and all subjects to be tested 
would have to visit the laboratory. In addition, the changing of the 
coloured disks causes delay and must be done very carefully if 
errors in adjustment are to be avoided. There is a risk that the papers 
used may become soiled or oily unless kept and handled with great 
care, and they are easily torn. It is difficult to replace stocks of 
coloured papers with identical samples. The hues and fractional 
teflectivities of the papers are not scientifically standardised, surface 
textures may vary slightly according to colour, and there is no 
hope of getting coloured papers which are even approximately 
Monochromatic. The noise and vibration caused by the motor was 
a great nuisance, A number of the subjects were under the impression 
that the experiment with rotating disks was really about the effects 
Of noise on sensitivity to colours. 


Tur ANOMALOSCOPE OR COLORIMETER 


In order to overcome these difficulties, it was suggested by Mr. V. 

R. Paling that gelatine colour filters could be used. At first an appara- 
tus for this purpose was made, in which filtered lights of the required 
colours from different sources were combined by means of mirrors, 
and viewed by the subject of the experiment as scen on a ground 
Blass plate, This proved very heavy and required powerful lamps 
Which made over-heating a serious problem, and, owing to these and 
other objections, it was soon abandoned in favour of an apparatus 
1Ð which light was combined by means of lenses. 
in he lens apparatus was essentially a colorimeter, made along the 
A €s of Houstoun’s instrument,! but with certain alterations making 
Suitable for the tests for which it was needed. It was designed to 
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fulfil the functions of the rotating disks of the previous experiments. 
It is illustrated in Diagram VII, and consisted of a wooden box 
divided into three compartments. The first compartment contained 
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a roo-watt daylight-blue lamp, and later replaced by an ordinary 
pearl lamp and half-watt-to-daylight filters. Two openings each 
half-an-inch square were cut in the partition and covered with milk 
glass. The light from the lamp was concentrated on the slits by 4° 
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aluminium reflector. The openings were three inches apart. In the 
second compartment there were two achromatic lenses of 55 mm. 
diameter and 15 cms. focal length. Each was placed directly in 
front of one of the openings and focussed upon it, so that light is 
dispersed evenly from the milk glass plate over the opening and 
radiates towards the lens. When transmitted by the lens it is formed 
into a parallel beam. These are the colimator lenses. In the third 
compartment there were two more lenses exactly like the first pair, 
each of which was placed precisely to catch and transmit one parallel 
beam and to bring it to focus upon a milk glass screen. This screen 
Was placed in the front end of the box and caught two images, which 
are the same size as the openings. In many of the experimentsa black 
Paper guard was placed behind this screen, in which there were two 
round holes exactly in the right places to admit the two images, and 
a trifle smaller so that they cut off the edges of the images sharply 
all round. 

The parallel rays between the pairs of lenses were passed through 
the partition between the second and third compartments by means 
of two apertures 35 mm. square. Each of these apertures was fitted 
With a horizontally sliding rectangular shutter controlled by a milli- 
metre screw and carrying a pointer which travelled along a milli- 
metre scale, The partition also carried slots and controlling pinions 

Y means of which slides fitted with ratchets were moved up or down, 
one in front of each aperture. The two slides in turn each carried 
slots in which square colour filters could be placed, two in each 
slide, one above the other. Each slide carried a scale which could 

© read against a pointer fixed to the partition beside it. When one 
of the slides was in its highest position, the lower colour filter was 
°PPosite the aperture, and the image formed on that side of the milk 
glass screen in front of the box would be in the colour of that filter. 
«+ Corresponding scale then read zero. When the slide was in 
‘ts lowest Position the upper filter was opposite the aperture and the 
image was in the colour of that filter. The scale then read 35 mm. 

n any other Position of the slide the aperture was covered by parts 
ap both filters, and, since every portion of the lens in front of the 
eee taken separately forms a complete image and not part of 
ae image of the slit, there will be an image on the front screen in the 

mbined Colours of the two filters always in the proportions in which 
is z divide the aperture between them. In other words, as the slide 
eos Oved from zero to 35 mm. of scale reading, so the image pai 
dite tte from that of the lower to that of the higher filter, and the 

“mediate positions give mixtures uniform in colour over the 
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whole image and intermediate between the two filters. The right 
slide was fitted with an additional slot in which a second filter would 
be placed in front of the upper filter. The purpose of this will be 
explained later. On principles similar to those given above, the 
horizontal shutters controlled the brightnesses of the corresponding 
images, the aperture being closed when the shutter reading was 
zero and open when it was 35 mm. Since the colour filters divide 
the aperture horizontally and the shutter divides it vertically, the 
colour proportions in the image are not altered by the brightness 
control of the shutter. Thus any colour mixture can be dimmed to 
any extent without changing its hue, and its hue can be changed 
without changing its brightness (except in so far as the two colour 
filters are of different brightnesses). In addition, just behind the 
milk glass screen, covering the position of each image, there is a 
fixed colour filter holder, so that the beam of light forming the image 
may be filtered again if necessary, as, for instance, with a daylight- 
blue filter. 

At a later stage the original openings cut in the partition between 
the first and second compartments were replaced by a circular 
aluminium disk about six inches in diameter, Pairs of holes were 
drilled in this disk in such positions that any pair would form two 
apertures of the same size, with their centres three inches apart, one 
corresponding to each of the original openings. The disk could be 
turned by pressure of the thumb, and any pair of holes could be 
moved into position as required. In this way the images could be 
any of the following sizes: 3, 4, 8, 4, or 4 inches in diameter, as 
these were the sizes of the pairs of holes in the aluminium disk. 
Another disk could be made easily with holes any size required, 
within the limits of the optical system. 

The subject in the experiments with this colorimeter or anoma- 
loscope sat at a distance of 14 metres from the milk glass screen, and 
the apparatus was placed high enough to bring the images to the 
level of his eyes. The experimenter is able to stand at the right- 
hand side and control the shutters and slides in the dark while he 
watches the spots of light and can see what the subject is viewing: 
The room was darkened, and excessive streaks of light from the box 
were controlled with a black cloth. The spots of light are well 
within the limits of foveal vision, and the subject must look from 
one to the other in order to compare them. He cannot fixate a point 
between them and view them together, because they are too far 
apart for that to be satisfactory to him, and, since they are not adjoin- 
ing, he cannot fixate the dividing line between them while looking 4¢ 
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them, and this avoids the difficulty that fatigue of a given area of 
the retina for a given colour might tend to decrease the sharpness of 
Contrast between the spots. The experimenter may use an electric 
torch when he wishes to read the scales ; but there is sufficient light 
for the scales of the slides to be read while the experiment is in pro- 
gress, and the turns of the screw for the shutters can be counted and 
are one millimetre each. The images are clear and have sharp edges. 
They are seen against a uniform dark background, and, since they 
are not adjoining, simultaneous contrast effects are reduced to a 
Teasonable extent. The colours change uniformly over all parts of 
the images, and are accurately controlled in hue by the movement 
of the slides, and in brightness by the shutters. Either image can 
be used as standard and the other as variable, according to the require- 
ments of the experiment. Many interesting experiments can be 
Carried out with an apparatus of this type. For example, one of the 
Spots can be cut out altogether and the other used for measurements 
of dark adaptation: Some of the colour experiments which can be 
done with it will be described in the following chapters. It is portable, 
and can be set up in any dark room. It utilises colour filters which 
are accurately made and standardised, easily cleaned because they 
are set in glass, and which can be changed in the slides readily and 
without delay. The absence of noise and vibration from the quarter 
horse powe“ motor of the rotating disks experiment was a great 
advantage. 


LUMINOSITY OF THE TEST SPOTS 
It was important to know the luminosity of the images at the 
Surface of the milk-glass diffusing screen viewed by the subject. 


TABLE 22 


OBSERVED DATA FROM WHICH THE LUMINOSITY OF THE COLORIMETER 
LIGHT SPOT WAS CALCULATED, ALL COLOUR FILTERS OMITTED 


i Photometer Cell 
Diam, in Light Spots hotometer Ce 
anches 1/4 gj rje 3l afea 
lam, in 
Mns, 6-35 9°53 1270 19°05 60-0 
Areain 
R Sg; Mms., 31:67 71°25 126-67 285-02 2820-6 
tg 1o 2'25 4:00 9:00 89:1 
“Candles 


measured) 0-06 ots 0-27 0 62 (calculated) 6-14 
atig 1'00 2°50 4°50 10°33 102°3 
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A Holophane-Edgcumbe Auto-Photometer, kindly lent by Professor 
Bernard Hague, was used. This instrument has a light-sensitive 
cell six centimetres in diameter, but the diameter of the test spot 
was # inch at its largest. Hence the measurements shown in Table 
22 were made with the sensitive cell of the photometer against the 
surface of the milk-glass screen and the light spot in the centre of 
the cell. This table shows that the brightness of the light spot as 
measured on the photometer is closely proportional to the area of the 
sensitive cell used, and the spots would measure about 6.14 foot- 
candles (omitting all colour filters from the apparatus) if it were the 
full size of the photometer cell. 


Tue “ PAIRED CoLour-FILTER TEST ” 


Along the lines of Houstoun’s colorimeter experiment,! a set 
of paired colour filters was made up, with gelatine filters set between 
photographic glass plates. Each of the filters was 3 x 14 inches in 
size, and consisted of two 1} inch squares of coloured gelatine set 
closely together without any gap, and held between glass plates with 
bound edges. Two filters of this type were made in each of the follow- 
ing pairs of colours: red and green, orange and blue-green, yellow 
and blue, yellow-green and violet, and green and magenta. All pairs 
except the red and green were complementary. The technique for 
their use will be described shortly. 

These filters are not monochromatic, and Table 23 shows the 
colours transmitted by the four which were used most in the experi- 
ment: red, green, yellow and blue. They are much the same as the 
colours reflected by the coloured papers used in the rotating disks 
experiment. The yellow and blue are complementary, but the red 
and green form a desaturated yellow when mixed. All these colours 
are very bright, and, indeed, this experiment can be done in daylight. 


TABLE 23 


APPROXIMATE TRANSMISSION BANDS OF THE Rep, YELLOW, GREEN 
AND BLUE POLYCHROMATIC FILTERS 


Red Yellow Green Blue 
Red; Orange; Red; Orange; Some Yellow; Green; Blue- 
some Yellow. Yellow; Yellow-Green; Green; Blue; 


Yellow-Green. Blue-Green; some Violet. 
some Blue; a 
little Red. 


> 
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The “ paired colour-filter test”? was devised in the hope of 
forming a rapid and efficient test of colour vision, which would 
be of practical use. Its limitations and the results obtained with 
it will be described. The technique was to place the two red-green 
filters in the colorimeter slides and to turn the Pinions until one 
image was slightly green to the experimenter and the other slightly 
ted. Each filter was marked so that it was always used in the same slide, 
the same way up and facing the same direction. When the filters 
Were set as described above, the subject was asked to name the colours 
Seen. In doing the experiment the sides showing the two colours 
were varied at random from one subject to another, so that a departing 
testee could not warn the next comer what to expect. Provided the 
ted and green shown are only slightly saturated, the first step in this 
test should differentiate the normal, colour blind and anomalous, 
because the normal named the difference correctly, the red-green 
blind will report no difference between the two spots, and the anoma- 
lous will name them incorrectly. In actual practice it was found that 
the colour blind sometimes name the spots incorrectly and the 
anomalous sometimes say they are alike. In addition, many colour- 
blind subjects are able to identify the more saturated hue correctly 
as red and guess that the other is green, and this was especially 
true of Protanopes, who could pick out red by its darkness. 
After the first step, the subject was told that the colours would 
© brought nearer and nearer in hue (if he saw a difference), and that 
© Was to find the position at which they were exactly alike in hue 
and at the same time neither reddish nor greenish. The slides 
Were then moved little by little until the subject agreed to likeness 
of hue, and then moved up and down together until the position which 
Was neither reddish nor greenish was found. The two slides would 
then have the same scale reading, and the two images would be 
identical and yellowish in appearance to the experimenter, who had 
800d colour vision, unless the subject was anomalous, colour weak, 
deviant or colour blind. If he was anomalous the two images would 
look to the experimenter very green or red accordingly, but still 
alike. qf he was colour weak there might be a slight difference 
between their colours to the experimenter’s eye. If he was a deviant 
the Y would be alike but slightly reddish or greenish. If he was colour 
blind there might be an extreme difference in their hues and scale 
readings, For the normal and anomalous the remainder of the test 
wa then made from the positions chosen by the subject, and this 

1l be described in the next paragraph. For the colour weak and 
colour bling it was necessary first to readjust the slides so that the 
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subject continued the test from the most commonly chosen positions 
for the slides. 

After this adjustment, if necessary, the next step was to declare 
to the subject that the right-hand image would be altered in colour 
until he noticed the change and named it correctly. If he was colour 
blind an incorrect name sometimes had to be accepted, as “ red” 
for green, or “ orange ” for red. After this the slide was moved in 
the other direction to measure the threshold to the other side. The 
direction of movement was taken at random to red or green first, 
with successive subjects. Then the filters were changed for the 
yellow and blue pair and these were used in exactly the same way. 
Sometimes the order was reversed. The scale readings, noted down 
at the time of doing the test, were measurements of the subject’s 
choice of the yellow mixture at first (for red and green) and of the 
colourless mixture (for yellow and blue), and then of the ranges 
into red and green or yellow and blue which he was just unable to 
distinguish from that of yellow or grey. Thus the matching range, 
or double differential threshold, is found readily, and the deviation 
is found by comparison with the mean position chosen by the group. 
It was intended to carry out the same set of tests for other colours : 
orange and blue-green, yellow-green and violet, and green and purple 
or magenta, but the technique proved to be unsatisfactory for reasons 
which will be explained, and, after a few subjects had been tested 
with the five pairs of filters, all except the red-green and yellow-blue 
pairs were set aside. Then a short experimental series of 50 men and 
51 women were tested to complete the work on this particular test, 
so that the general results of such a technique could be studied 
satisfactorily. 

There are several objections to the “ paired colour-filter test, H 
as described here, but even so it was a far quicker and more efficient 
test of colour vision for normal, colour weak, deviant, anomalous 
and colour-blind subjects than any test known at the time. The 
“ four-colour test” to be described in a later chapter is, howeve!, 
decidedly better. The fist objection to the “ paired colour-filter 
test ” was that the colours were very polychromatic. This objection 
might have been overcome by using the Ilford Monochromatic filters, 
but the other two objections made it seem better to set upa different 
experiment for their use. 

The second objection was the latitude which the technique 2V° 
the subject in finding the neutral yellow and grey positions. +! 
latitude proved greater than expected. Each subject was in a positio? 
to choose his own standard yellow against which to match the te" 
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green variable pair, and the standard grey against which to match the 
yellow-blue variable. After one or two subjects from the rotating 
disks test had been re-tested with the paired colour filters, it was 
seen that, while all anomalous subjects would be found without 
doubt by their great deviations, yet some deviant subjects might take 
so much latitude as to make their own deviations almost as great. 
This was more marked in the yellow-blue than in the red-green test : 
in other words, the technique had the unfortunate effect of unduly 
increasing the scatter of deviations by the introduction of random 
“errors”, Of course, it cannot be true that the standard sodium 
yellow of the traditional Rayleigh Equation is identical for all subjects; 
it must change for the yellow-weak, but the paired colour-filter test 
Bave the subject too much freedom of choice. 

The third objection was the amount of time taken in finding the 
Positions of the standard yellow and grey for each subject individually. 
If the test had been continued this difficulty could have been over- 
come by Starting each subject at the most frequently chosen neutral 
Positions, once these mean positions had been chosen forthe population. 
In view of the second objection, however, the test was abandoned, 
„ut it will be useful to review the results obtained with it as they are 


i We mre f 
luminating 1n certain ways. 


SUBJECTS OF THE EXPERIMENT 


eee Paired colour-filter test was carried out on 50 men ne 
thr en. Thirty-two of the men were civilians, and these include 
"se colour blind and one green anomalous who had been tested 
hoe With the rotating disks, and three red-green blind subjects 
© had not been tested before. In addition to the civilians, there 
tent members of an Anti-Aircraft battery in Scotland, who we 
in a dark room on the gun emplacement by kind permission 0 
© Commander, 
membe, 51 women subjects included 17 civilians and 34 we 
T of the same Anti-Aircraft battery. of Hari ae 
ily Seven were “ spotters ”. Their work was to r T i 
aircraft deck chairs for two-hour spells looking out a e 
Were t For this work they wore slightly smoked spectac ca A 
th Wi al brought forward for the test because it was t onen 
ue ‘a IT colour vision might possibly be affected by staring Z e 
1943 FA and yellow or white clouds. The test was done in y 
Were... tme when there was much bright sunshine. Their resu 
Compared with those of the remaining 44 women subjects. 
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DEVIATIONS AND COLOUR WEAKNESSES 


The first problem to be studied was that of the frequency with 
which deviations from the normal mid-matching point in the red- 
green and yellow-blue tests occurred. This was dealt with as before 
by grouping the subjects according to multiples of the standard 
deviation (sigma). The whole group of 88 men and women, excluding 
the six colour-blind men and the seven women “ spotters ”, were 
taken together, and the mean neutral positions for the red-green and 
the yellow-blue tests were calculated, together with the corresponding 
standard deviations of the distributions of colour matching deviations 
about these means. The second problem was about the distribution 
of matching ranges in the two tests. As in the rotating disks test, 
these were strongly skewed, and they were tabulated in multiples of 
the modal range, which was one millimetre on the scale reading. As 
explained in the discussion of the rotating disks experiment, these 
methods of dealing with the quantitative results are much more 
satisfactory than methods involving ratios of red to green or loga- 
rithms of ratios. 

Table 24 shows that 36 men fall into the normal class for the 
red-green test, 4 are deviants and one is an extreme deviant on the 
red side, 2 are deviants on the green side, while one of the 44 men 


TABLE 24 


ReD-GREEN DEVIATIONS IN THE PAIRED FILTER TEST, GROUPED IN 
MULTIPLES OF THE STANDARD DEVIATION 


i z p “Extreme Deviant”: 
Normal”: “Deviant”: 2 X sigma or more but 
Less than I X sigma or more but | less than 3 X sigma, Totals 
I1 X sigma | less than 2 X sigma including the green 
anomalous man* 
— 
18+5-21 17-18 21°5-22°5 | 15°5-16'5 23-24 
mm, mm. mm. mm. mm. 
ReD GREEN RED GREEN 
Normal 
Men oa 36 4 2 I 1* 44 
R.G. j y 
Blind Men 5 I o 5 ° 6 
Normal 
Women 34 5 4 I o 44 
Women 
“Spotters” 7 o o Ə o 7 
seen 
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falls outside the limits of the normal curve. The most extreme green 
deviant is a green anomalous subject in the rotating disks experiment. 
It would appear to be a fault of the paired filters test that he is within 
the deviant class in it, and is not effectively distinguished from ordin- 
ary deviants. The extreme red deviant man might be classed as 
red anomalous by mistake, but in the rotating disks, Ishihara and 
other tests it was clear that he was not, and this was additional 
evidence that the paired filters test was unable to discriminate the 
anomalous clearly. 

: The red-green blind subjects do not show any strong deviations 
in the red-green test. While the one protanope had a normal red- 
green equation, the red-green blind subject who shows a red devia- 
tion is a deuteranope. This again indicates the falsity of classifying 
these subjects into “ red ” and “ green” blind groups and using the 
Rayleigh Equation as a test for such a grouping. 

The distribution for women in this test is similar to that for 
men, and all “ spotters ” are in the central position. Thus, out ofa 
total of 88 subjects 11 would be classed as red deviant and 7 as green 
deviant, and apart from the colour-blind men there is no sex differ- 
ence to be found. 

Table 25 shows similar distributions for the yellow-blue test. 
In this the actual measurements on the scale of the instrument are 
Considerably greater than in the red-green test, but this may have 

cen due in part to the fact that the colours used were more poly- 


TABLE 25 


YELLOw-BLur Deviations IN THE Parren CoLour Fitters TEST, 
GROUPED IN MULTIPLES OF THE STANDARD DEVIATION 


” a “ ai x, 9, 
Normal”: “Deviant”: | “Extreme Deviant”: 
less than 1 X sigma or more but | 2 X sigma or more but | Totals 
a (lat sigma less than 2 X sigma less than 3 X sigma 
20-24 24°5-26°5 | 17°5-19°5 27-29 15-17 
mm. E 3 mm. mm, _ min 
Normal YELLOW BLUE YELLOW LUI 
e 
: i‘ 27 6 6 5 ° 44 
RS. Blind 
ss K) I I I o 3 6 
Normal 
Omen ap 5 P 2 5 ü 
Women 
ll 5 o I I o 7 
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chromatic than the red and green, and that they therefore tended to 
form grey over a fairly large range of mixtures. However, by grouping 
in multiples of the standard deviation and not in terms of ratios, we 
make the groups comparable with those in the red-green test. It is 
found that 27 men were normal, 11 were yellow and 6 blue deviants 
which corresponds to the normal curve. Of the women the distribu- 
tion is much the same and no sex difference is found. The red- 
green blind men, strangely enough, are much more scattered here 
than in the red-green test, and half of them are strongly blue deviant, 
while only one is yellow deviant. This is exactly the opposite of what 
would be expected on the Young-Helmholtz or Ladd-Franklin 
theories, on which all red-green blind subjects should be yellow 
deviants. ý 
Table 26 shows the red-green ranges of matching. In this the 
classification has been made on the basis of one millimetre units 


TABLE 26 


RED-GREEN RANGES IN THE PAIRED CoLoUR-FILTER TEST 


Range in A Per i a ote 
eet | 1) 2/3] 4] 5 | 6 | 14) 18] 21 | 22 | 23 | 36 | Totals 
R.G. Blind | A Ge nae | i | a at dea Yas ail e 
Xe, | o | o l ojojo | o I I I | 1 | I r| 6 
een | 3 | 24| 14| 112}; o0]/o0]o]0 | o | o ja 44 
“Spotters” | o | aladi ela ojo | joļ|o | 7 
| H t 


| a is 


because no fractions of a millimetre were used in making the obser- 
vations. Those who are normal have a range of 3 mm. or less, and 
those with ranges of 4 mm. or more may be considered as colour 
weak, using twice the modal range as the level at which colour weak- 
ness may be supposed to begin, as in the rotating disks test. This 
classification gives 37/44 men normal in range and 7 colour-wea 
men, and the colour weak are not necessarily deviants. The colour 
blind are extremely weak, having ranges between 14 and 36 mm. 
The distribution for women is a trifle less extreme apart from the 
colour-blind men, and the “ spotters ” tend to be weaker than the 
normal women. 

It is of great importance that the colour-blind men fall far beyond 
the limit of ranges of the most extreme of the colour weak. This i§ 
strong evidence that, so far as range is concerned, they are a separate 


group in the population. In this experiment, no subject was foun 
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in the group of colour-weak subjects who might have been suspected 
of colour blindness, and there is a wide gap, amounting to six 
millimetres of the scale reading, separating the colour blind from the 
colour weak. The subject who was green anomalous had a range of 
3 mm. and was not colour weak in this test. This confirms the view 
that the anomalous subjects are quite distinct from the colour 
blind. 
TABLE 27 
YELLOW-BLUE RANGES IN THE PAIRED COLOUR-FILTER TEST 


Range in mm, ERE 


9 | 10| 11| 12] 13] 24| Totals 


314 5 
0/10} 9/ 8/8 
R.G. Blind Men oH e| 1 


Normal Women ` 


Normal Men 2/o0]o] 44 


o Į I I o I 


t 6 
| | 

o 1joļojoļoļrļ|o 44 
i o 7 


2 | 23] IS 


ojo 


| | | 
Women “Spotters”| o | 0} 1 |3 |1 ojoj: ž ojo 


The ranges for the yellow-blue test are shown in Table 27. 
hese are similar to the red-green ranges, except that there is a greater 
Scatter, Thus men or women with ranges of five millimetres or less 
will be classed as normal in range, while those with six millimetres 
Or more will be classed as yellow-blue weak. Itis interesting that the 
red-green blind men are more scattered in yellow-blue than in red- 
8reen ranges, One of them, who did the rotating disks test, is almost 
Yellow-blue blind, having a range of 24 mm. in the paired filters test, 
and other tests on him suggest that this is a fair result. He has an 
extreme degree of red-green blindness of the photerythrous type, 
had is also moderately yellow-blue blind. It is, however, unusual 
«7 Breat yellow weakness to go with red-green blindness. The 
t (ates ” seem to show greater weaknesses in yellow and blue 
‘in red and green ranges. 
Ries gen these results it became clear that in the “ ee colour 
Gare _ there was at least the possibility of a method o. f me eae 
Use OMe variations more efficiently than by any test in or ed 
menti bjections to it and difficulties in its application Pi ee 
test ned, but, even as it stood, it would be better than the a 
to no vools, beads or pseudo-isochromatic tables, could be app ie 
stands as well as to colour-blind subjects, and was certainly more 
ardised and easier to apply. It also showed that all four colours, 
gee yellow and blue, must be tested if we are to make an 
the ut examination of a given individual’s colour vision. Perhaps 
snot Serious single objection to the paired colour filters test 
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was its failure to discriminate between anomalous and deviant 
subjects, and in the next chapters improved forms of colorimeter or 


anomaloscope tests will be described. 


DIAGRAMS 


Diagram VIII shows the results of fifty men subjects who did the 
paired colour-filter test in red and green, including six red-green 
blind and one green anomalous subject. The one protanope is 
marked “ P ”. Each individual result is represented by a horizontal 


50 


GREEN 

ANOMALOUS 
= DEUTERANOPE 
PROTANOPE 


* = INVITED 


vo 
n 


30 


20 


NUMBER OF SUBJECTS 


Ocms. 05 1-0 15 20 25 30 
RED 
Diagram VIII. Paired Colour Filters Test: 50 Men 


line which starts at the red end from the point at which the subject 
just began to match the standard and variable, and ends at the point 
at which he just ceased to make that match. Thus the ranges ° 

matching are shown by the lengths of the lines, and the deviations 
by the mid-points of those lines on the red-green scale. It will be 
seen that the majority of subjects have small ranges and deviations: 
Those who have considerable deviations but small tanges are deviants 
(together with one green anomalous subject), while those with moder- 
ately large ranges which include the average mid matching point are 
colour weak. Those with small deviations and extremely large ranges 
are red-green blind. It so happens that none of these six red-gree? 


THE ‘‘ PAIRED COLOUR-FILTER TEST ” JAI 


blind subjects was found wholly by chance in this sample of individuals, 
but all were previously known to be defectives. However, in fifty 
men about three or four colour-blind individuals might be expected 
by chance in a large series of samples, and so the column of normal, 
deviant and colour weak above the six red-green blind subjects 
should be about twice as high without being any wider. This fully 
confirms the finding of the rotating disks experiment that the red- 
green blind tend to form a distinct group within the population. The 
anomalous do not form a link between the general population and the 
colour blind. 


50 


= GREEN 
6 ANOMALOUS 
= PROTANOPE = 
30} D = DEUTERANOPE * i, a D 
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Diagram IX. Paired Colour Filters Test: 50 Men 


, Diagram X shows similar results for the fifty-one women who also 
14 the experiment, The general shape of the diagram is similar to 
that for the men, if the colour-blind men are excluded. 
.__ Diagram IX shows the yellow-blue results for the fifty men sub- 
yrcts, and the red-green blind are marked accordingly among them. 
ere is a Striking difference between Diagrams VIII and IX. The 
Yellow-blue results are far more scattered although the ranges 
dysured are not generally greater. Of course it is exceedingly 
licul to make a direct comparison, and to judge yellow and blue 
r „terms of red and green, but a far larger number of subjects have 
Jected the normal mid-matching point in yellow and blue than in 
seen and red. It will be seen that four of the red-green blind 
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subjects are near the bottom of the diagram because they are among 
the weakest, but two are near the top and are among the most sensitive 
to yellow and blue. 

Diagram XI shows the yellow-blue results for the fifty-one women 
subjects. They are if anything perhaps less scattered than those of 
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Diagram X. Diagram XI. 
Paired Colour Filters Test: 51 Women 


the men, but on the whole they are much the same. For men the 
mean positions spread between 1.4 and 2.8 cms. on the scale, and 
for women they spread between 1.55 and 2.6 cms. 

It is probably important to avoid misunderstanding by pointing 
out that there is no simple relationship between the position of @ 
subject on the red-green diagram and his or her position on the 
diagram for yellow and blue. A subject might be at the top of one 
and at the bottom of the other, because there is no correlation between 
red-green and yellow-blue defects. 


STATISTICAL DIFFERENCES 


It is often supposed that men, excluding the colour blind and 
anomalous subjects, have inferior colour vision on the average to 
women. In the rotating disks test it was found that men showed 4 
possible tendency to be more scattered in terms of mid-points, but 


THE “‘ PAIRED COLOUR-FILTER TEST ”’ 143 


women, corresponding to the presence of about 13% who are hetero- 
zygous for red-green blindness, tended to have larger ranges in red 
and green than men. In the paired colour-filters test the mean differ- 
ence between men and women for mid-points was 0.20 mm., and the 
standard error of this difference was 0.24 mm. In order that such a 
difference should have been significant, for a group of gr individuals, 
the standard error should have been as low as 0.077 mm., and there 
is not the slightest possibility of the observed difference being regarded 
as significantly different from zero. Similarly the mean difference 
in deviations between men and women for the yellow-blue test 
was 0.70 mm., and its standard error was 0.47 mm. Again, the ob- 
served difference is not significant. For red-green ranges the sex 
difference is almost negligible in this test, as it is for yellow and blue, 
though there is a slight tendency for men to be more scattered. This 
experiment therefore fails to support the finding of the rotating 
disks experiment, that more women are inclined to be red-green 
weak than men, excluding colour blinds, but in a sample of 51 
Subjects it may be that very few of the heterozygous women were 
included. In addition, the paired colour-filters test is probably less 
discriminating than the rotating disks test, for reasons already 
explained. 

More satisfactory comparisons may possibly be made in terms 
of “ colour weaknesses ” as calculated for correlations. Thus colour 
weakness is a combined measure of the deviation and range taken 
together, as explained in Chapter II, and is usually negative except 
where the normal mid-matching point is completely rejected, as 
by anomalous subjects, and then one of the “ weaknesses ”’ of the 
given pair of colours will be positive. Table 28 shows the mean 
Colour weaknesses for 43 men and 44 women with normal, deviant 
Or weak colour vision in the paired colour-filters test, together with 
their differences, standard errors of these differences and critical 
ratios (t—diff,/S.E. diff.). Of these differences only that for blue 


TABLE 28 


Mean COLOUR WEAKNESSES IN THE PAIRED FILTERS TEsT, WITH 
DIFFERENCES AND S.E.’s FOR MEN AND WOMEN 


43 Men 44 Women Diff. of Means S.E. Diff. 


“g” 


i 1:3 mm. 1'4 mm. o'r mm. ollmm. 09I 

T 

Y i 1'3 mm. 1'2 mm. o-l mm. o13mm. 0°77 

ee lew 2-3 mm. 2-0 mm. 0'3 mm. 0-25 mm. 120 
ue 


2'4 mm. 1:8 mm. o-6 mm. o'25 mm. 240 
F 
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approaches significance and it has a probability of between 5% and 
2%, so that it is not convincing. 

“Table 29 shows the mean colour weaknesses, differences and 
standard errors of differences for 43 men and six colour-blind men. 
Here it will be seen that for red the colour-blind men are 9.7 times as 
weak and for green about 9.5 times as weak as the normal men, while 
for yellow and blue the contrast is much less marked. The differences 
for red and for green are well beyond the most stringent level for 
statistical significance, while the difference for blue is not significant, 
and that for yellow has a probability of between 2% and 5% and is 
not convincing. These standard errors of differences were estimated 
by Student’s method for small samples. 


TABLE 29 


DIFFERENCES OF MEANS FOR COLOUR WEAKNESS BETWEEN NoRMAL MEN 
AND Rep-GREEN BLIND MEN IN THE PAIRED COLOUR-FILTERS TEST 


6RG p iff. of Means Estimated Be 


43 Men Blind Men S.E. Diff. t 
Red 1°3 mm. 11:3, mm. 10'0 mm. 16 mm. 6°25 
Green 1'3 mm. II mm. 98mm. o9 mm. 10°09 
Yellow" 2:3 mm. 6-1 mm. 38mm. 1-6 mm. 2:38 
Blue 2'4 mm. 4'5 mm. 2°I mm, 1-7 mm. 1'24 


It is also possible to compare the red-green blind men with the 
` remainder of the group in terms of the mean deviation. For the 
red-green test the difference in means of deviations between these 
groups was 0.1 mm, with a standard error of 2.65 mm. For the yellow 
blue test it was 0.47 mm, and its standard error was 0.59 mm. 
Neither of these differences is significant. It is clear therefore that 
normal and colour-blind men do not differ significantly in deviations 
either in the red-green or in the yellow-blue test, but they differ 
very greatly in ranges of matches in the red-green test, though not 
in ranges for yellow and blue. It is to be concluded that the weakness 
in red and green of the colour blind does not affect yellow. 


AIRCRAFT “ SPOTTERS ” 


The Commander of an Anti-Aircraft Battery wished to test the 
hypothesis that staring at the blue sky for two-hour periods in looking 
for hostile aircraft might have a bad effect on the colour vision 0 
the women “ spotters ”. It was explained that a hostile (or other, 
aircraft would look like a grey or faintly yellow speck against the 
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blue sky or against the white or yellowish clouds. Any diminution 
in sensitivity to the differences between blue, grey and yellow as a 
result of looking at the sky might reduce the ability to distinguish 
such intruders. The seven “spotters” in the battery were accordingly 
tested and their results were compared with those of the other women. 
The “ spotters” were actually on duty at the time and were called 
from their deck chairs on the gun emplacement to do the tests. 
The mean differences in deviation between them and the other 
women for the red-green test was 0.4.mm., and its standard error was 
0.22 mm. For the yellow-blue test the difference was 1.1 mm. and 
its standard error was 0.6 mm. These differences and standard 
errors give critical ratios of 1/1.82 for red-green and 1/1.83 for yellow- 
blue. Such critical ratios correspond to a probability that 10% of 
similar experiments would produce this result by chance alone. 
This gives very slender support to the hypothesis that deviations in 
either test were affected by staring at the sky. For the red-green 
test the median range for the non-‘ spotters ” was rather less than 
2.5 mm.,and in the yellow-blue test less than 3.0mm. Itisnot possible 
to use the ordinary methods involving the standard error for comparing 
these r anges because they are too strongly skewed. The Chi-squared 
technique cannot be satisfactorily applied either, because the number 
of “ spotters ” was too small. However, there is another method 
which may be applied to this problem. If we divide the “ spotters ” 
into those above and those below the median range for normal 
Subjects, in the red-green and the yellow-blue tests, we can say 
that there are probably six above and one below for red and green, 
and seven above and none below for yellow and blue. We may then 
calculate the probability that such a distribution could have been 
obtained by chance by use of the formula Standard Deviation 
=VNpq, where N is the number of subjects, and p and q are the 
respective chances of being above or below the median and are in 
this case both equal to one half. The standard deviation for seven 
Subjects with equal chances of being in either of these two cate- 
80ries is therefore V7 XX F=1-32 approx. For the red-green test 
t € seven subjects are divided into 6 and 1, giving an observed 
deviation of oe Pee EH ae ee for the yellow-blue 
test the observed deviation, in the same way, is + 3-5; which 1s 
2.65 x sigma. The result for the red-green test shows that in 6% 
of such experiments as big a difference would be obtained by chance 
alone, while the result for the yellow-blue test has a probability of less 
. an 1% and must be regarded as significant. These results serve to 
Indicate that the colour vision of “ spotters ” may be weakened in 
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yellow and blue but not to any extent in red and green by staring 
at the sky. Since the sky is chiefly blue, with white and yellow clouds, 
this result accords with expectation, and if a larger sample of “ spot- 
ters ” could have been tested no doubt a much more striking result 
would have been obtained. Hence there is little doubt that the | 
ability of “ spotters” to detect hostile aircraft was to some extent 
impaired by their method of working. 


CORRELATIONS BETWEEN CoLouR WEAKNESSES 


The next problems to be considered are about the extent to 
which variations in sensitivity to the four colours tested were related 
to each other. The most important point was the possibility of 
a connection between variations in yellow on the one hand and 
in red and green on the other, because this was of special interest 
in connection with the Young-Helmholtz and Ladd-Franklin colour 
vision theories. The colour weaknesses, or variations in sensitivity, 
were calculated on the principles explained in the chapter dealing 
with the rotating disks experiment, because the problem was similar 
although the techniques of the experiments were somewhat different. 
Since the colour-blind subjects do not fall into the same group for 
statistical purposes as the other subjects, their colour weaknesses 
were intercorrelated separately. 


TABLE 30 


INTERCORRELATIONS BETWEEN COLOUR WEAKNESSES IN THE 
PAIRED Cotour-Fitters Test 


44 Men 51 Women 


Red with Green —70 —-72 
Red with Yellow +17 +21 
Red with Blue 13 =f 
Green with Yellow +03 —17 
Green with Blue +-02 +05 
Blue with Yellow —+58 —-61 


Table 30 shows the correlations for the subjects other than the 
colour blind. These intercorrelations are all far below even the 
most lenient level for statistical significance, with the exception ° 
those between red and green and between yellow and blue. Th g 
significant correlations are about the same size and are negative: 
They indicate that the four colours tested are strongly relate 
inversely in pairs, red with green and yellow with blue, but sue 
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intermediate relationships as those of red or green with yellow are 
Not significantly greater than zero. It might be objected by a critic 
of the technique that these large negative correlations could be due 
at least in part to the special technical weaknesses of the paired filters 
test. Each subject chose his own standard, and, although there was 
much conformity about these choices on the average, they did tend 
to give a greater scatter than would have been obtained if an invari- 
able standard had been used for everybody. Such scatter effects, 
however, could not possibly give rise to increases in the correlation 
Coefficient, either positive or negative, but must always tend to reduce 
a correlation, unless they were such as to have the opposite effect on 
two colours correlated. This they did have, for every accidental 
deviation of the red-green match to the red side would make the 
“weakness” for red more positive, and that for green more negative 
than it would have been without this change. The opposite effect 
would tend to be produced by accidental deviations to the green 
Side, and yellow and blue would be subject to similar influences. 
In this experiment, therefore, a part of the markedly negative 
telationship between red and green and between yellow and blue 
must be attributed to random errors in the method of measurement. 
In later chapters, however, it will be shown that these pairs of colours 
Still tend to be negatively correlated, whatever technique is employed. 

The inter-correlations for the six red-green blind subjects are 
shown in Table 31. For a group so small as six subjects none is 


TABLE 31 


INTER-coRRELATIONS FOR SIX RED-GREEN BLIND MEN IN THE 
PAIRED FILTERS TEST 


Six Red-Green Blind Men 


Red and Green +63 
Red and Yellow +40 
Red and Blue +-08 
Yellow and Green ++36 
Green and Blue +30 
Blue and Yellow +26 


Significantly different from zero, but it is interesting that red and 
en are now positively correlated and so are yellow and blue, which, 
t Course, would be expected on a four-colour theory of the Hering 
Ype, but not on a three-colour theory. The correlations between red 
and yellow and green and yellow, which would be expected to be 
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the highest of all on a three-colour theory, are not as high as that 
between red and green, which would on such a theory be expected 


to be very low. 


INDIVIDUAL SUBJECTS 


One subject was a very red-green blind man of the photerythrous 
_ class. In addition to the red-green and yellow-blue tests in the paired 
colour-filters experiment, he did precisely similar tests in which 
violet with yellow-green, and purple with green, were the colour pairs. 
These additional tests were also done by a woman with excellent 
colour vision. Their results are compared in Table 32. The mid- 
point and half-range in each of the four tests are shown in millimetres 
of scale reading, the full range being, of course, twice that shown 
after the plus-or-minus sign. 


TABLE 32 


Mrp-PoInts AND HALF-RANGES FOR A RED-GREEN BLIND MAN AND A 
NORMAL Woman IN THE Parrep FILTERS TEST ~ 
Mid-Point and Half-Range : in Millimetres 


Subject Red-Green Yellow-Blue Violet-Y-Green Purple-Gr. 
Woman 


(Normal) 21+0'5 23+0'5 25+'20 22+0'5 
Man 
(Deuteranope) 16+-9-0 19--o-1 28+2'0 24+2'0 


From this table it is evident that the red-green defect for the 
deuteranope did not affect any of the other colours to an appreciable 
extent in comparison with the normal. This test for eight colours was 
not continued, because a better method was soon discovered, and 
this will be described in a later chapter where numerous results © 
a similar kind will be discussed. 

Another subject, who was a physiologist, knew that he had a 
great difficulty with all colorimetric physiological work in which 
yellows were involved, but he was aware that he could pass the 
Ishihara Test easily. He had been forced to give up colorimett 

_ work because he found that he could be as much as 30% out n 
successive observations without knowing it. When he did the paire 
filters test he started by calling the blue spot “ signal green” whe? 
it was fully saturated. In the yellow-blue test he then proved to 
have a moderate weakness in both colours, but failed to be convince 
that his colour vision was unusual. Another subject who had similar 
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weaknesses in blue and yellow, also called the blue spot “ green”. 
A third subject had a large blue-yellow range, but it was in his 
case coupled with a very large blue deviation, so that he was not 
weak in yellow. He was a little disconcerted when the blue defect 
was pointed out tohim, and admitted that he had known of it as aschool 
boy when he tried to paint in water colours. He also called the blue 
spot “green”. He read the Ishihara Plates without the least difficulty, 
but the blue-green plates in Stilling’s Tables he could not read 
at all, though he could read the blue-yellow ones easily. Another 
gave similar results in the tests, but had not known of his defect. 
He also called the blue spot “ green”. Dr. M. Collins, in discussing 
these results, pointed out that a tendency to confuse blues and 
greens is the commonest of all colour weaknesses. On Edridge- 
Green’s theory green and blue are distinguished first by the trichro- 
mics, in whom other colours, such as orange and violet are greatly 
impaired, but it is clear that all the blue-yellow weak subjects here 
described are normal in red and green, and it is better to explain their 
weaknesses on a four-colour theory than on Edridge-Green’s system 
in which the distinction between green and blue cannot be lost until 
indigo, violet, orange and red are all affected. A further subject 
had a very marked range in yellow and blue, but with a big yellow 
deviation so that he was not at all blue-weak. The yellow spot he 
called “ white ”, but he did not call the blue spot “ green ”. He had 
no difficulty with the Ishihara Test, but he had some trouble with 
Stilling’s yellow-blue plates and found the green-blue plates very 
confusing, 


PIGMENTATION OF THE OPTICAL SysTEM 


These observations confirm the findings of the Rotating Disks 
Xperiment, that blue-weak subjects very frequently tend to call 
lues with a tinge of green in them—like the blue used in the paired 

filters test—“ green”. They see these blues as if through a slight 
minus-blue” filter, and the result is that they are difficult to 
distinguish from greens. Similarly, yellow-weak subjects have as 
their characteristic error the confusion of desaturated yellows with 
white or light grey, not of blue with yellow, blue with green or 
8reen with yellow. They see yellows as if through a slight “ minus- 
yellow” filter, A similar effect is produced for us in yellow lamp-light, 
When all yellows tend to look white. It has been said that “ tritan- 
Opia ” might be due to pigmentation of the transparent parts of the 
Optical system, but it is difficult to see how pigmentation could pro- 
uce such complex individual differences. 
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The last individual subject to be mentioned here was a boy 
of 7 years of age, who was brought because he was suspected of being 
colour blind. He proved to be very red-green blind and extremely 
scoterythrous, the saturated red filter being at least ten times darker 
for him than for normal people. He had a very big red-green range, 
but no appreciable deviation. In yellow and blue he also had a 


fairly wide range and no deviation. He was quite unable to do the _ 


Ishihara Test, and could read neither the red nor the magenta figures 
in the plates which are supposed to differentiate protanopes from 
deuteranopes. Consequently this test would have failed to decide into 
which of these classes to place him, though the simple measurement 
of the degree of darkening of the red, for him, left no possible doubt. 
He failed on half the Stilling blue-green plates. In Edridge-Green’s 
bead test he made the following selections : red hole—one red bead; 
green hole—orange beads only; yellow hole—yellow beads only; 
blue hole—pink, pale blue and blueish grey beads. All the other 
beads he left on the tray, and he agreed to my suggestion that he 
had guessed at the choice of the one red bead, which was correct, 
basing his guess on the ground that it looked black to him while 
other people often called “ black ” objects red. At the age of three 
years he had said that a red painted bicycle was “ black ”. His 
parents pointed out that if he was in a certain dim light and his 
eyes were viewed so that they were seen by a bright reflected light 
the interior of the eyeball glowed red. They wondered whether 
there might be a red pigmentation which would account for his 
difficulty with red colours. This raised the interesting question 
whether pigmentation might possibly account for colour blindness. 
Two conditions are involved in the defect of an extreme protanope 
like this subject: one is the confusion of red with green of equal 
darkness, and the other is the darkening of the red. If the only defect 
were the darkening of the red, this might be accounted for by the 
interposition of a selective “ minus-red” filter in the form © 
pigmentation of the transparent parts of the ocular system, so that 
only a fraction, say less than one tenth of the incident red light was 
transmitted. This would require a blue-green filter complementary 
to red, and of density not less than r.0, according to the usual termin- 
ology, where the density is the logarithm to the base ten of the 
inverse of the fraction of incident light transmitted by the filter- 
Such a filter would look strongly blue-green by transmitted light, 
but it would not look red by reflected light unless the red light whi¢ 

it cut out were thrown back. Neither the blue-green appearance 
by transmitted light (after death of the subject, of course) nor the 


—— 
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ted reflected light have been reported in general observations on 
Protanopes. There is the further difficulty, however, that the presence 
of a minus-red filter of the density required to produce the darkening 
of the red, would not lead to the confusion of red with green of 
€qual darkness invariably found in extreme protanopes. They are 
not “ red-blind ”, but red-green blind. Collins has pointed this 
out clearly,? and also drawn attention to the fact that Dalton, whose 
description of his own colour blindness in 1794 gave the name 
Daltonism ” to the condition, attributed his defect to the presence 
of a colour, probably blue, in one of the humours of his eyes, probably 
the vitreous humour. His description of his defect leaves no doubt 
that he was a protanope: “ That part of the image which others 
call red appears to me little more than a shade, or defect of light; after 
that, the orange, yellow, and green seem one colour...” Examina- 
tion of his eye after his death failed to support his theory that the 
defect from which he suffered was due to the presence of what we 
should call a minus-red filter in the vitreous or other humour or 
transparent part of the eye. The only other subject, among 162 
major red-green defectives of all types, in whom I have noticed the 
red glow in certain directions when light was reflected from the inside 
of the eyeball, was an extreme deuteranope, in whom red was, of 
Course, not at all darkened. It seems very unlikely, therefore, that 
the red glow seen in the eye of the boy mentioned above was the 
explanation of his colour-vision defect. 
his subject’s maternal grandfather was also reported to be 
efective in exactly the same way, and, since his parents were very 
careful observers, there seems no reason to doubt that the grandfather 
Was also an extreme protanope, which would confirm the view that 
the types of colour vision defect are inherited in characteristic form. 
ad he been a deuteranope they would not have observed the con- 
fusion of red with black. Had he been a slight or moderate protanope, 
Or red or green anomalous, they would have not observed the defect 
at all, with the very limited opportunities of testing available to 
em in everyday life. The boy’s father was tested and proved 
Perfectly normal. His mother, however, had an unusually large 
eo in red and green, and was beyond doubt heterozygous for the 
78teen defect of her father and son. 
fi urning to another matter, it is important to point out that the 
filters selects who were most weak in yellow in the mo colour- 
Th; S test were not correspondingly weak in red and green. 
oss Independence of variation in sensitivity to yellow is one of the 


St important considerations which weighs against a three-colour 
Fe 
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theory. It is, of course, revealed by the smallness of the correlations 
between red and yellow and between green and yellow given previ- 
ously, but perhaps it should be pointed out for the individual 
subjects. The most satisfactory way of regarding those subjects who 
have an independent yellow weakness is to think of them as having 
a defect in the yellow direction of the yellow-blue pair of functions 
in the Hering or Houstoun or other four-colour theory, though 


pigmentation of the optical system may be partly responsible for 
their condition. 


Chapter 5 


| THE “ BRIGHTNESS ” TEST, AND “SPECTRUM” AND 
“MICRO” COLOUR-FILTERS TESTS 


THESE three tests were undertaken in an attempt to face certain 
| problems which may be explained quite briefly. Firstly, it is some- 
times thought, as mentioned by Parsons, in discussing Guttmann’s 
observations on partial and “anomalous” deuteranopes, that colour- 
blind Persons are better able to judge brightness differences than 
People with normal colour vision. This raises the possibility that 
Weaknesses in colour vision might in general be correlated with 
ability to discriminate brightnesses. Secondly, Edridge-Green* has 
do ubted that polychromatic colours are satisfactory for testing colour 
vision by colour-mixing techniques. Until monochromatic gelatine 
filters were available, however, all tests of colour vision were neces- 
sarily with polychromatic colours, except those using the spectro- 
meter, which was Edridge-Green’s main guide. Thirdly, since poly- 
« Tomatic colours are the rule in everyday life, it is interesting to 
ae whether a test of colour vision using polychromatic colours 

Produce the same result as a monochromatic test. Fourthly, it 
Nas hoped that one of these tests might serve as a quick and reliable 
method of testing colour vision for general use. 

a hese problems were, of course, coupled with the additional 
ed familiar questions about the general nature of colour vision and 
fot Cm akons, but they have been explained previously and need 

€ repeated here. 
€ three tests will now be described. They were: the “ Bright- 
test; the monochromatic or “Spectrum” Filters test; and 
ychromatic or “ Micro ” Filters test. 


Negg ” 
the Pol 


DESCRIPTION or THe Tests: THE “BRIGHTNESS” Test 


a test of brightness discrimination was carried out with the 
tight utters of the colorimeter, the colour-filter slides being taken 
ri a The left shutter was set at 15 mm. and this gave a standard 

mi for the left-hand spot of light. The right shutter was then 

20 mm. and the subject, seated at 14 metres distance, was asked 
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if there was a noticeable difference in brightness between the spots. 
If he saw no difference, which was seldom, then the test was re- 
started with a bigger difference. Provided the subject saw a bright- 
ness difference at the start, then the test proceeded by decreasing the 
brightness of the right-hand spot in steps of one, two or three 
millimetres, according to the sensitivity of the subject, until he saw 
the two spots alike. Then the right spot was made darker than the 
left step by step until he saw the left as brighter. Finally the series 
was completed by reversing the same steps until the right spot 
became brighter again to the subject. This is the usual technique 
of the limiting method, with one descending and one ascending 
series, and more descents and ascents were added for any subjects 
who seemed doubtful or erratic. 

The upper and lower thresholds were then determined, and the 
whole range or double differential threshold, within which the 
subject saw the two spots alike in brightness, was recorded. This is 
called the “ brightness range ” in the present chapter, and was taken 
as a measure of the subject’s brightness discrimination. Most of the 
subjects found this an easy test, and the brightness range was usually 
éstablished in equal halves above and below the position of objective 
brightness equality, namely, 15 mm. for the right-hand shutter. For 
some subjects there is a certain amount of difficulty, and a tendency 
to undershoot or overshoot the position of objectivity equality. 
Then the brightness range was unequally divided about the right- 
hand shutter reading of 15 mm. In computing the results no account 
was taken of this irregularity. It was sufficient to find the range within 
which the subject was not able to distinguish the variable from the 
standard under the precise conditions of the test. Further, the test 
was not repeated with the right and left positions of variable and 
standard reversed, because two other tests were done at the same 
sitting and no subject could be expected to do this kind of work 
reliably for more than half an hour at a time. 


THE “ SPECTRUM ” FILTERS TEST 


This test used the Ilford monochromatic or “ spectrum ” filters: 
red (608), yellow (606), green (604) and blue (602) in essentially 
the same way as that in which the red, yellow, green and blue paper 
disks were used in the rotating disks experiment. The approxima i 
transmission bands of these filters are given in Table 33, 2% d 
details of their physical properties may be found in the Iifor 
Colour Filter Booklet.3 These filters are, of course, not perfectly 


Or 
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monochromatic, as may be seen readily by examining with a pocket 
Spectroscope the light they transmit. Each filter transmits a very 
small amount of light of the colours immediately adjoining its 
colour. Thus the red filter transmits a small amount of orange, 


TABLE 33 
TRANSMISSION BANDS OF ILFORD SPECTRUM FILTERS 


P Red (608) Yellow (606) Green (604) Blue (602) 
Angstrom 6250— 5600— 5000— 4450— 
Units end of spectrum 6100 5450 4950 


the yellow a small amount of orange and of yellow-green, the green 
a small amount of yellow-green and of blue-green, and the blue a 
small amount of blue-green and of violet. For all practical purposes 
they may be regarded as satisfactorily monochromatic. In this 
respect they are comparable with the colours obtained in an ordinary 
Spectrometer, and no coloured inks, dyes or lantern filters commonly 
In use can compete with them. 

Tn the colorimeter it is possible to control the brightnesses of the 
two spots by means of the side shutters, but for this test it was also 
necessary to be able to desaturate the standard yellow with grey 
when required, or to make a standard grey for the yellow-blue test 
E i ut employing the side shutters, which would be necessary for 
ae’ control. For these purposes it was found satisfactory to 
Cin Ord standard neutral filters. These filters transmit all the 
whi Ponent rays of white light in the same proportions as those in 

ich they fall upon the filter, but with diminished intensity, and 
mot are neutral in colour. Details of their properties may be 

nd in the Ilford Colour Filter Booklet? 
With reliminary tests showed that in matching spectrum red a 
ke Spectrum green against spectrum yellow a small amount 0 
; saturation of the yellow would be necessary. This was done with 
È E Utra] filter of density 1.02. This filter cuts down the incident 
reci to one tenth. The density is the logarith to the base ten of the 
Fa zotal of the transmission value of the filter. The transmission 
hay is the ratio of the luminous flux transmitted by the filter to the 

"nous flux incident upon it. 
in ce © spectrum blue and yellow filters are complementary, and, 
am “tain proportion, match the white light of a daylight blue 
large Precisely, These filters, however, cut the incident light by a 

Proportion, and, in order to dim the standard spot to their 
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brightness the left shutter would have to be closed to about 2.5 cm. 
This would force the experimenter to employ only the very edges of 
the lenses on the left of the apparatus, and would make the brightness 
control on the left side very inefficient in consequence. In addition, 
it would force all brightness control to be carried out with the minute 
movements of the shutter which could not be read on the scale. 
To overcome these difficulties two Ilford neutral filters, density 
1.02 and 2.02 respectively, were used together in the left slide for 
the yellow-blue test. The 1.02 density filter cuts incident light down 
to one tenth and the 2.02 density filter cuts it down to one hundredth. 
Thus the slide could be used to fix the brightness of the left spot at a 
standard level between one tenth and one hundredth of the incident 
light, whatever level was suitable, and the left shutter was then free 
for fine adjustments—which is exactly equivalent to dividing the 
shutter scale readings (without the neutral filters) by a constant 
falling anywhere desired between 10 and 100. 

In setting up the Spectrum Filters test there were two separate 
sub-tests: firstly red and green were matched against the yellow 
standard (desaturated with grey), and secondly yellow and blue were 
matched against grey. The red-green test was carried out with the 
red filter below and the green above it in the right-hand slide, and 
with the neutral filter (1.02) below and the yellow above it in the left 
slide. The left slide was then set at a scale reading of 30 mm., deter- 
mined by preliminary trials as a suitably small desaturation with grey 
—5 parts of grey to 30 of yellow. It was found in preliminary tests 
that the right slide was likely to produce a yellow mixture to match 
the monochromatic yellow on the left at a scale reading of about 
21 mm. The exact matching point and range of matches was then 
determined for each subject individually. It was found that the left 
or standard light spot was usually too bright, which was convenient 
and intended. The technique was then as follows: The subject, 
who had just finished the brightness test, was seated at ry metres 
from the apparatus. The filters were arranged as described abovés 
and the right slide was set at about 16 or 17 mm. The subject was 
told that the experiment was to match the two spots for both colour 
and brightness. and that no colour match would be accepted unless 
brightnesses were equal. If he showed any hesitation or difficulty 
in distinguishing hue and brightness, then the brightnesses were 
deliberately altered to prove to him that the distinction could 
made. Next he was asked if there was a brightness difference at the 
starting positions mentioned above. Almost invariably the left sP 2 
was brighter, and was then altered until it seemed to him the same ! 
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brightness as the right. Next he was asked if there was a colour 
difference. Usually the right spot looked redder, pinker or more 
orange than the left, which was slightly green. The Ilford Spectrum 
Yellow filter is very often described as green or greenish yellow when 
compared with a pink. The right slide was then moved in steps of 
one millimetre, and the subject was asked to describe any colour 
difference he saw at each step. Usually he failed to see a colour 
difference at about 20, 21 or 22 mm., sometimes at 19 or at 23, or at 
any or all of these points. The test was continued until the spot 
looked greener. The test was then repeated, starting from the 
green side and proceeding back to the red side again. Very rarely 
with normal subjects (but always with protanopes) it was necessary 
to adjust the brightness with the left shutter as the test proceeded. 
Thus the whole technique was an application of that used for the 
Totating disks to the new apparatus. 

For red-green blind subjects a different procedure was necessary, 
and it was useful to make sure by a preliminary test whether or not 
the subject was colour blind. Such a preliminary test is easily done 
with the colorimeter by setting the right slide at several widely 
Separated Positions, such as 5, 10, 15, 20, 25, and 30 mm., and, after 
a brightness adjustment in each case, asking whether there is a colour 
difference, If the subject hesitates over a match at any of these 
Points except 20 mm., or if he requires great darkening of the standard 
at 5 or ro mm., then it is almost certain that he is red-green blind. 
Any hesitation over a red-green match which is very exceptional is 
Suspicious, and the subject must on no account be given any hint of 

is possible error, but he must be carefully tested until the full range 
of his red-green matches has been determined. 

If the subject is suspected of an exceptional red-green defect, 
then the red-green spectrum filters test should be started at o mm., 
where the right spot is saturated red, and here a brightness match 
Will show whether he is a protanope or a deuteranope. Then a series 
Pt Colour matches at five millimetre intervals can be made, brightness 

emg controlled carefully, to gain a general idea of his range and 
€viation, and detailed tests may be made at the limits of his range 
to determine them accurately. In this way the exact nature and 
Hecht of his red-green defect will be found. It is a mistake to give 
© colour blind the benefit of the doubt when they hesitate over a 
colour match which the normal would reject out of hand. : 
bet or the yellow-blue test the arrangement was : right slide, blue 
OW, yellow above; left slide, neutral filters, 2 02 below, 1-02 above, 


3° mm. scale reading. 
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Tue “ Micro” FILTERS TEST 


This was an attempt, which was not successful, to make a specially 
simple, quick and efficient test with polychromatic colour filters. 
The reasons why it was unsuccessful will be explained later. It was 
called the “ Micro Filters Test” because three out of the four 
filters used in it were from the Ilford “ Micro ” filter series. The four 
filters were: red (205), yellow (110 or Micro number 4), green 
(405 or Micro number 3) and blue (303 or Micro number 2), all in 
the Ilford series of colour filters. They were chosen as a result of 
preliminary trials. Their transmission bands are shown in Table 
34, and full details of their physical properties will be found in the 
Ilford Colour Filter Booklet.’ From the table it is clear that the red 
filter transmits both red and orange; the yellow transmits part © 
the green, all the yellow-green, yellow, orange and red; the green 
transmits blue-green, green, yellow-green and yellow; the blue 
transmits blue, blue-green, green and yellow-green, together with a 
small amount of red. These filters, having wide transmission bands, 
are polychromatic and very bright. 


TABLE 34 
‘TRANSMISSION BANDS OF ILFORD COLOUR FILTERS (PoLycHRomaTIC) 
Red (205) Yellow (110) Green (405) Blue (303) 


Angstrom 6050 to 5100 to red oo— 4300—5600 
Units end of the end of A and a very 
Spectrum Spectrum and a little little red 
red 


The experiment was set up in such a way that all four filters 
were always in place in the colorimeter, and one subject after another 
could be tested without changing them at all. The yellow and blue 
filters were placed in the left slide, yellow above and blue below, 
while the red and green filters were placed in the right slide, 1° 
below and green above. The subject, who had just finished the 
“ Spectrum ” filters test, was instructed that the new test involve 
matching of the two spots both for colour and for brightness as before, 
a brightness match always being a pre-requisite for a colour match: 
Then the test was made with the two spots either red and blue, 18 
and yellow, green and blue or green and yellow. It was thought that 
the variety of starting positions would be an advantage because 1 
would prevent subjects from instructing each other in the expect? 
routine of testing. The subject was asked to describe and name we 
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colour differences seen and the slides were then adjusted to reduce 
those differences until a colour match was obtained.. The brightness 
of the left-hand spot had to be adjusted so that a brightness match was 
maintained throughout. When the neutral position of brightness and 
colour equality was found in this way, each slide was varied in the 
direction of one colour after the other and back again to the neutral 
‘place, to obtain a measure of the threshold for that colour. The 
subject stated when a colour difference was seen and explained what 
it was. 
__ Initially this test had the faults of the paired filters test, because 
it involved complex trial and error adjustments without a fixed 
standard either for the red-green or for the yellow-blue pair. As soon 
as enough subjects had been tested to establish the usual matching 
Point, the test was always started at this point and readjusted to 
suit the individual subject. Even then, however, it proved to be a 
troublesome test, especially with colour-blind subjects, although the 
results to be quoted later suggest that it was more reliable with them 
than with other subjects. The colour naming of the red-green 
blind is often so unexpected that it gives the tester little indication 
what change to make in the adjustment of the filters. More criticisms 
will be given later, when the results are discussed, but the advantages 
of simplicity and freedom from rigid technical routine, which this 
test seemed to offer, were far outweighed by the complexities of the 
adjustments required and the liberty of choice given to the subjects, 
which introduced unnecessary random errors. 


RESULTS OF THE Tests: THE “ BRIGHTNESS ” TEST 


The Brightness test was carried out on 21 normal men, 12 normal 
women, 7 red-green blind men and 1 green anomalous man: 41 
Subjects in all. With the exception of one moderate deuteranope 
and one normal man all these subjects also did the “ Micro ” filters 
test. All 41 of them did the ‘ Spectrum ” filters test as well. The 
mean brightness range for men and women together, excluding the 
red-green defectives, was 2.63 Mm., and for the red-green blind men 
it was 3.86 mm. For the 12 women it was 2.5 mm.) and for normal 
men it was 2.82. The standard errors of all these means were 
calculated, and the standard errors of the differences between the 
Various pairs of means were found. There were no significant 
differences between any of these groups. 

Thus it was concluded that the experiment showed that normal 
men, normal women and red-green defective men do not differ in 
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ability to discriminate brightness differences, and the hypothesis 
that colour-blind subjects are speciallly good at brightness judgments 
was not supported at all. The green anomalous man was the most 
accurate in brightness discrimination, but one of the protanopes 
was least accurate. A man with normal red-green vision, who was 
exceptionally weak in yellow and blue was particularly good at 
brightness judgments. 

In order to test more fully the hypothesis that brightness discrim- 
ination might be connected with colour weakness, correlations were 
calculated between brightness ranges and red-green ranges in the 
“ Spectrum ” filters test, and also between brightness ranges and 
yellow-blue ranges in the same test. These are shown in Table 35. 


TABLE 35 


CORRELATIONS BETWEEN BRIGHTNESS DISCRIMINATION AND 
CoLour WEAKNESS 


Correlations 

between : 33 normals 8 R-G defectives 
Brightness and 

R-G weakness +:13 +14 
Brightness and 

Y-B weakness +:33 —'I3 


They are all below the usual significance level, though that between 
brightness discrimination and yellow-blue weakness suggests a smal 
relationship. From this it was concluded that there is no relation 
between colour weakness and ability for brightness discrimination 
either in normal or in red-green defective subjects. The results were 
so definite that it did not seem worth while to continue the brightness 
tests further. The supposition of the exceptional ability òf colour- 
blind subjects to discriminate brightness differences is probably 
a false inference made from their habitual exploitation of bright- 
ness differences to aid them in estimates of colour differences which 
they find difficult and normal people find easy. The evidence of this 
test, however, suggests that they are not any better than norms 
people at judging brightness differences, in spite of this special pra" 
tice. The brightness thresholds for the 41 subjects who did this 
experiment are shown in Diagram XII. 


Tue “ SPECTRUM ” FILTERS TEST 


: $ : T 
This test was considered satisfactory and was continued, afte 
€ s. i . + 
the “Micro” filters and brightness tests had been discontinue” 
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and it formed part of the next series of experiments, which will 
be discussed in the following chapter. At present it will be useful 
to consider the results in so far as they apply to the group of subjects 
who also did the brightness and “ Micro ” filters tests. 


12 
H = BLUE- 
YELLOW WEAK 
E = GREEN 
10 ANOMALOUS 


= DEUTERANOPE 
E = PROTANOPE 


FREQUENCY 


| 2 3 4 5 a 7 B 
MILLIMETER STEPS 
Diagram XII. Brightness Test : Thresholds: 41 Subjects 
z Tabie 36 shows the distributions of red-green matching points 
Green men, 12 women and 8 red-green defectives, one of whom was 
ale bie pee These results are given, as before, in terms of 
subjes es of sigma (standard deviation) for the whole group of 41 
Wo 2 cts. They show that there is no difference between men and 
en in deviations, and no deviants were found in this small 


StOup of subjects, except among the colour blind and anomalous. 
but only one of 


iv : 
the: of the seven red-green blind were protanopes, 
m shows a marked red deviation. He accepted the normal match 


wit z 
h ease, however, and cannot be considered red anomalous. 


: Seventh red-green blind man, who was a deuteranope, and who 
wed a large green deviation, almost accepted the normal match 
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TABLE 36 


RED-GREEN MATCHING POINTS IN THE “SPECTRUM” FILTERS TEST, IN 
MULTIPLES OF SIGMA (STANDARD DEVIATION) 


| 2 X sigma or more, | 3 X sigma or more, | 
| Less than | but less than 3 x | including the one |, l 
2x sigma sigma | anomalous man* Totals 
| RED | GREEN RED GREEN 
Normal | | | 
Men | i2t o o o g% 22 
R-G Blind | | 
Men 5 I I o ji o ji 
Normal 
Women 12 arj ð o | o | 32 


and cannot be regarded as green anomalous. One subject, who is 
beyond doubt green anomalous, had a much larger green deviation, 
more than 5 xsigma, and a very small range, so that there is no 
possibility of confusing him with the deuteranopes. Hence the 
“ Spectrum ” filters test clearly distinguished the anomalous and 
supported the conclusions of the rotating disks test that red or green 
deviation in the colour blind has little or no connection with darkening 
of the red end of the spectrum. 

Table 37 shows the distribution of yellow-blue matching points 
for the same group of subjects in the “ Spectrum ” filters test. 
One man, who had a big blue deviation, has been mentioned in the 
discussion of the paired filters test as a very blue-weak subject. 
One red-green blind man, who had an even larger blue deviation in the 
“Spectrum” filters test, also showed this in the paired colour 


TABLE 37 
YELLOW-BLUE MATCHING Points IN “Specrrum” Frvrers TEST 
2 X sigma or more, | 
Less than | but less than 3 x | 3 X sigma or Totals 
2 X sigma sigma more 
YELLOW | BLUE | Yettow | BLUE |  — 
Normal | “Te ar - 
Men 21 o of o | a | @ 
R-G Blind | | | | 
Men 6 o | o | o peg 7 
Normal | | | 
r | 
Women 12 o | o P © Ase E 
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filters test. He is a moderate deuteranope with a very marked devia- 
_tion in blue in addition. 

Table 38 shows the distribution of ranges of red-green matches 

for the “ Spectrum ” filters test, and Table 39 shows the correspond- 

ing distribution of yellow-blue matching ranges. Those subjects 


TABLE 38 
I yi 
MATCHING RANGES IN THE “SPECTRUM” FILTERS TEST—RED AND GREEN 
Range 7 
gemm: | gl xs | @ | 3 4 a bg 6 | 7 | 14 | 20 | 25 | 28 | 33 | Totals 
| 
Normal | | | 
Ten | | | 
(Anom 1 | rr] 9 | #lololol ojlo] of] °| o] 2j 22 
Ro | 
Blind i | | 
Men o | o o | o|o o| o I I 1 I I z 7 
Normal | | | | 
omen | | | | | 
etero- | | i tt 
zygous*) ae E i Al lole o o o o o o 12 


who have the largest ranges in the one do not necessarily have the 
argest in the other. From these tables it is clear that the ranges in 
ted and green and in yellow and blue for men and women are not 
very different, apart from the colour-blind men. Two women who 
Were known to be heterozygous for red-green blindness, because their 
fathers were colour blind, had the largest red-green ranges. The 


TABLE 39 


MATCHING RANGES IN THE “SPECTRUM” FILTERS TES 
AND BLUE 


T— YELLOW 


Range in mm. | ela fig | me [is Fór? 8 | 9 | 10| 11| 12] 20 Totals 
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ly greater ranges in the red-green 
its, taken with Tables 36 and 37, 
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d. In Table 39 one subject 
ue blind, while those 
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who had ranges of 5 mm. or more may be classed as yellow-blue 
weak. Similarly, in Table 38, those with ranges of 2 mm. or more, 
excluding the colour blind, may be classed as red-green weak. No 
red-green weak subjects are found with ranges of more than 4 mm., 
and no colour blind with ranges of less than 7 mm. This gap corres- 
ponds to the critical level for the Ishihara Test: the red-green 
blind fail and the red-green weak pass, but the anomalous also fail. 

Table 40 shows the mean colour weaknesses, as calculated for 
correlational purposes, for the thirty-two normal men and women and 
for the seven red-green blind men who did the “ Spectrum ” filters 
test, together with the differences of these means, the standard errors 
of these differences and critical ratios. It will be observed that the 


TABLE 40 
DIFFERENCES BETWEEN COLOUR WEAKNESSES IN NORMAL AND Rrp-GREEN 
BLIND SUBJECTS IN THE ‘‘SPECTRUM” FILTERS TEST 


32 Normal Men 7 Colour Diff. of 
and Women Blind Men Means SE. dif. “E” 


Red 053mm. 10:40mm. 987mm. ‘75mm. 1325 
Green o59mm. 12:'20mm.  11-61mm. ‘79mm, 14°69 
Yellow 1144mm, 157mm, o'I3 mm. ‘58mm. 0'22 
Blue 289mm. 186mm. 1103mm. 65mm. 1°59 


differences for red and green are very great, as found before in the 
rotating disks and paired filters tests. Here, however, they are 19.6 
times as great for red and 20.7 times as great for green in colour blind 
as in normal subjects, whereas in the other tests, which used poly- 
chromatic colours, the weaknesses for colour blind were in the neigh- 
bourhood of 10 times as great for these colours as in normal subjects. 
This difference would be explained by the fact that monochromatic 
colours provide a much more stringent and revealing test than 
polychromatic colours. Anomalous subjects are also more clearly 
differentiated when monochromatic colours are used! The differences 
shown for yellow and blue between normal and red-green blind 
subjects are not significantly different from zero. 

Diagram XIII shows the results for 41 men and women who did 
the “ Spectrum ” filters test, including 7 red-green blind men and 
one green anomalous man. The men are shown by crosses and the 
women by circles. The general features of the diagram are similar 
to those of the red-green diagrams for the paired filters test. There 
is a very marked difference between normal and red-green blind 
subjects, but in this diagram the least colour-blind man has a com- 
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paratively narrow range. He has a strong green deviation and rejects 
the normal mid-matching point by a very narrow margin. He is one 
of the interesting subjects who are possible intermediates between 
colour blind and anomalous, but he could not be classed as anomalous 
except in error, because the truly anomalous subject, had a range of 
3.0 mm., and a deviation of 6.5 mm., whereas the subject who was 
colour blind had a range of 7.0 mm., and a deviation of only 3.5 mm. 
Other green anomalous subjects will be discussed in a later chapter 
to show that this conclusion can be supported by further data. If, 
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Diagram XIII. Spectrum Colour-Filters Test: 29 Men and 12 Women 


as appears, there are two separate tendencies at work, one to produce 
the green anomalous condition and the other to produce the condition 
of the deuteranope, then it would be likely that sometimes subjects 
should be deviant or anomalous deuteranopes. Five of the colour- 
blind men are marked as protanopes. Of these, three deviate mainly 
to the red side, one has no deviation and one deviates to the green 
side. Thus the present experiment supports the conclusion that 
protanopes may have green deviations. ; j 
Diagram XIV shows the results for the same 41 subjects in 
the yellow-blue test. The seven colour blind are indicated by the 
letters P or D (protanope or deuteranope). It will be seen that 6 of 
them have very small yellow-blue weaknesses, but the seventh 
might be described as a blue deviant. This confirms the view that 
yellow-blue weaknesses are not often found among the colour blind. 
Like the corresponding yellow-blue diagrams in the discussion of the 
paired filters test, this shows a much bigger scatter of mid-points 
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than the red-green diagram. The technique of this experiment was 

different, and also the filters used here were monochromatic, whereas 

inthe paired colour-filters test they were polychromatic. The subjects 

are also different, and so the greater scatter of yellow-blue deviations 
KG u 
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Diagram XIV. Spectrum Colour-Filters Test: 29 Men and 12 Women 


would appear to be a characteristic of colour vision and not a product 
of the method of testing. 

Correlations were calculated between “colour weaknesses ” 
according to the technique described in previous chapters, and 
between “ colour weaknesses ” and brightness levels for the corres- 
ponding colours. These are shown in Tables 41 and 42. It will be 


‘ 


TABLE 41 


INTER-CORRELATIONS BETWEEN “COLOUR WEAKNESSES” IN THE 
“SPECTRUM FILTERS TEST” 


RG RY RB GB G@-Y YB 


32 normals —:44 —'25 +27 +02 +42 —-39 
7 R-G blinds +86 +76 —38 —48 +-81 —"49 
TABLE 42 


CORRELATIONS BETWEEN “‘COLOUR WEAKNESSES” AND BRIGHTNESS LEVELS 
IN THE “SPECTRUM” FILTERS TEST 
R-Bright Y-Bright G-Bright B-Bright 
32 normals +30 +30 —-09 =r? 
7 R-G blinds 7 +20 —:46 +:26 
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seen that in normal subjects there is a tendency for negative correla- 
tions between red and green and between yellow and blue, while 
other pairs are almost uncorrelated except green and yellow. In the . 
red-green blind subjects there are positive correlations between red 
and green, red and yellow and green and yellow. This suggests a 
confirmation of the Young-Helmholtz theory as far as red-green 
blind subjects are concerned, but it must be remembered that corre- 
lations may be misleading, for the actual weaknesses correlated were, 
in yellow and blue, not exceptional compared with normal subjects, 
while in red and green they were on the average about ten times as 
great as in normal subjects. Hence there is no real relationship 
between yellow weakness and either red or green weakness, when the 
red-green blind are compared with the normal, though the correlations 
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Diagram XV. “Micro ” Colour-Filters Test: 27 Men and 12 Women 


would suggest that these relationships are greater for the colour 
blind. From Table 42 it appears that colour weakness, whether in 
normal or colour-blind subjects, is uncorrelated with brightness 
levels, and this indicates that brightness level is not diminished when. 
colour sensitivity is reduced. 


Tue “Micro” FILTERS TEST 


Diagrams XV and: XVI show the mid-points and matching 
ranges for the same group of subjects (with the exception of two 
who did only the “ Spectrum ” filters test) in the “ Micro ” filters 
test. These results correspond only moderately with the results of 
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the “ Spectrum ” filters test. One subject who was extreme in the 
“ Spectrum ” filters test was only deviant in the “ Micro” test. 

. He is green anomalous. The other highest and lowest men in the 
one test were not correspondingly highest and lowest in the other. 
The same failure, of correspondence holds good for the yellow-blue 
test. Although the red-green blind subjects were clearly picked out 
by both tests, there was not a high degree of consistency between the 
tests in their detailed results. 
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Correlations between the “ Spectrum” and “ Micro” filters 
tests are given in Table 43. To be statistically significant these 
correlations should be as great as about 0.5 for the 32 normal subjects 
and about 0.9 for the six red-green blind men. 


TABLE 43 


CORRELATIONS BETWEEN “SPECTRUM” AND “Micro” FILTERS TESTS, 
NORMAL AND CoLour-BLIND SUBJECTS 


.. Red Yellow Green Blue 
32 normal Men and Women .. —-06 +02 —:20 —'13 
6 Red-Green Blind Men aie +41 62 + -62 +67 


None of these correlations is significant, and, in view of this 
and the other objections to the “ Micro” filters test which have 
been mentioned already, detailed results of it need not be given. 
The average colour weakness in the “ Micro” test for red-green 
blind subjects, however, was still about ten times as great as for normal 
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subjects for red and green, but not significantly different for yellow 
and blue. Hence it was concluded that the “ Micro ” test, although 
it distinguished red-green blind from normal subjects without 
difficulty, did not give satisfactory results when used to distinguish 
small differences between individuals, either normal or colour blind. 

A short comparison of inter-correlations for colour weaknesses 
in the two tests will be interesting. These are shown in Table 44. 


TABLE 44 


INTER-CORRELATIONS FOR COLOUR WEAKNESSES IN THE ‘“‘SPECTRUM” AND 
“Micro” FILTER TESTS 


R-G R-Y R-B G-Y G-B Y-B 
“Spectrum” 


33 normals —44 —'25 +27 +42 +'o2 —39 
“Micro” 
32 normals —43 +71 —30 —36 +43 =—36 
“Spectrum” 
7 R-G Blind +89 +76 —38 +79 —'23 —"49 
“Micro” 


6 R-G Blind +79 —27 +89 +22 +7 —47 


For normal subjects the pattern of correlations is changed by use 
of monochromatic filters, except that the negative correlations between 
red and green and between yellow and blue persist, as they tend to 
do in all tests. The high correlation between red and yellow in the 
“ Micro ” test is certainly due to the fact that the yellow filter used 
in that test transmitted actually more red than the red filter. Similarly, 
the relatively high correlation between blue and green is due to the 
fact that the blue filter transmitted as much green as the green 
filter. Negative correlations between red and blue and between 
green and yellow complete the symmetrical pattern, For the “ Spec- 
trum ” filters test, there are negligible correlations between red and 
yellow, red and blue and green and blue, while green and yellow 
appear to be positively correlated, andthe opposite pairs, red and green 
and yellow and blue are negatively correlated. The positive correla- 
tion between green and yellow may be due to the fact that for many 
subjects the Ilford Spectrum yellow filter appears very greenish, 
and might represent the influence of naming rather than a character- 
istic of colour vision. Certainly the four filters do not appreciably 
overlap. For the colour-blind subjects it is interesting that the cor- 
relation between red and green is now positive for both tests, while 
that for yellow and blue remains negative as for normal subjects. 
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This clearly reflects the difference from normal subjects in their red- 
green vision, and the absence of difference in their yellow-blue 
vision. Apart from this it would not be satisfactory to draw any 
inferences from the other correlations for red-green blind subjects, 
for it is likely that the inconsistencies between the tests might be due 
to the inefficiency of the “ Micro ” filters test. 


INDIVIDUAL SUBJECTS 


There were seven red-green blind subjects in the “ Spectrum ” 
filters test, five of whom were invited because they were known to 
have red-green defects. The first, who also did the paired filters 
test, was a moderate deuteranope who has a large green deviation 
and rejected the normal mid-matching point by a very small margin. 
He has been discussed already. He was also a blue deviant. The 
second was a moderate protanope who had a strong red deviation, 
but was normal in yellow and blue. He had been rejected by the 
R.A.F. in a colour-vision test, but had, no difficulty with colours 
himself, though his “art teacher never agreed with him”. The 
third was an extreme protanope, also rejected by the R.A.F. in a 
colour-vision test. He had no red-green deviation. He described 
his difficulty in distinguishing red from dark browns, light browns 
from green and blue from purple. He also had difficulties with pale 
greens and yellows, and said that pink was “ just not a colour ” to 
him. The fourth was another extreme protanope without a red- 
green deviation, and he had also been rejected by the R.A.F. He 
confused greens and browns, reds and dark browns, and yellows and 
greens. He was not confident of reds under any circumstances, but 
had no trouble with the distinction between yellows and blues. 
He noticed his defect at about fifteen years of age, but never took much 
interest in colours. The fifth was another extreme protanope, and 
he had been rejected by the R.A.F. eight times. He reported some- 
times actually overlooking the red traffic light altogether, thinking 
that it was not working. His mother’s father was reported to have 
been colour blind, and to have confused red and green with dark 
and light brown respectively, and pink with pale blue. From this 
we should infer with some confidence that the grandfather was also 
a protanope, and this would give confirmatory evidence of the inheri- 
tance of the defect true to type. Had the grandfather been much less 
colour blind it is probable that the defect would not have been noticed 
in the family circle, and so we may infer that the grandfather was 
also an extreme defective making it probable that the defect was 


THE ‘‘ SPECTRUM” AND “‘ MICRO” TESTS 171 


ru T eo as well as in type. Many readers may doubt 
means ese inferences, but as a result of careful inquiries 
he manner and degree in which defects of different magnitudes 
Fx kinds are noticeable by ordinary people in daily life, it seems that 
5 € inferences may be made with considerable confidence. The next 
subject, another protanope, confused orange with fawn and with red, 
which is unusual, but this is probably explained by the fact that he had 
a decided weakness in yellow though not sufficient to class him as 
a yellow deviant. He also reported having confused red and blue 
: ams in Glasgow, which is not unlikely in a protanope, because blue 
rams are very dark. His brother, his mother’s sister’s son and his 
maternal grandmother were all reported colour blind, but I was 
unable to make contact with the family. His mother’s father was 
PAN to be normal. Such relationships would accord perfectly with 
he usual sex-linked scheme, however, because, if the maternal 
eS eidmpther were a protanope, both her daughters would necessarily 
pe heterozygous if she married a normal man, and both of them 
could have sons who were protanopes. The last colour-blind subject 
to be discussed here was a moderate deuteranope. He was definitely 
Not green anomalous, but belonged to the class to be called “ deviant ” 
deuteranopes, because he had 3.5 times the normal range of matches 
may accepted the normal mid-matching point with ease. He reported 
no difficulty with colours. All these colour-blind subjects were com- 
Plete and unequivocal failures on the Ishihara test. 
d The “ Spectrum ” filters test gives a reliable measure of} the 
gree of darkening of the rèd end of the spectrum in protanopes, 
Which cannot be obtained satisfactorily from tests using poly- 
chromatic papers or colour filters, because the red in polychromatic 
Colours is somewhat diluted with other colours. It is interesting, 
therefore, to work out a correlation between the degree of darkening 
of the red and the red weakness : r=.26, which is, of course, far 
pone the significance level. It is, however, so small as to suggest 
that there is little or no relationship between darkening of red in these 
Protanopes and their inability to distinguish red from a yellow of 
equal darkness. 
bl The series of subjects included one who was 
ue weak without any defect in red and green. 
read the blue-green figures in Stilling’s Tables. 
unable to do colorimetric work in physiology, if yellows were in- 
Volved, and often called desaturated blue-green colours “ green a 
e had a very large range in yellow and blue, with a yellow deviation. 
ere was another interesting subject, who had been in Dr. R. A. 


extremely yellow- 
He was unable to 
He was completely 
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Houstoun’s series, and had been told by him that she was slightly 
abnormal in blue-green colours, which she often called “ green” 
when other people called them “ blue”. She proved in this test to 
have a small blue-yellow weakness, but was normal in red and green. 
Another subject was rather weak in yellow and reported calling a 
dress “ green ” when her friends insisted that it was “ yellow-green ”. 
She said that her father claimed that there was no such colour as 
blue, but asserted that it was “ just a shade of green”. As he was 
old and an invalid it was not possible to arrange to test him, but there 
can be little doubt of his being decidedly blue-yellow weak, and it 
seems reasonably certain that he was not red-green blind. This would 
suggest the hereditary nature of blue-yellow weaknesses, and confirm 
the hypothesis that they are not sex-linked. Another subject who 
was blue-yellow weak, tended to call blueish green colours “ green ”. 


Chapter 6 


THE “NINE-COLOUR” EXPERIMENT: NORMAL, 
DEVIANT AND COLOUR-WEAK SUBJECTS 


THE main aim of this experiment was to discover how far colour 
vision for intermediate hues may vary with sensitivity to the primaries. 
It was most important to find out whether any subjects might be 
specifically weak in one of the intermediate colours and not in one 
of the primaries; for example, to find out whether any subjects might 
be more weak in orange and blue-green than in red and green. In 
addition, it was interesting to discover which of the intermediate 
colours was more and which less frequently weak. Blue-green was 
Specially interesting because Houstoun suggested peacock should be 
taken as a primary instead of green. Violet was interesting because 
of the possibility that this end of the spectrum might be darkened 
1n some subjects. Magenta was interesting because it is the comple- 
mentary of green and deuteranopes are supposed to see certain purples 
as if colourless, since they are made up of red and blue, which are 
complementaries for extreme red-green defectives. 

i Burt? has pointed out that the problems of the number and rela- 
tionship of primary colours might be approached by the methods 
of factorial analysis. The present experiment was planned with 
the possibility of factorial analysis in mind. Since red, green, yellow 
and blue were the expected primaries, so far as other tests and experi- 
ments reported in this book could indicate, it was necessary for the 
Purposes of factorial analysis to add as many intermediates as possible, 
to test all these by the same technique on the same subjects, and then 
to intercorrelate and factorise the resulting measurements. This 
would be expected to show which colours tended on the average to 
be weakened together, from which the presence of primaries might 
be inferred, according to the pattern of factor loadings. 

The experiment also raised other important problems. These 
will be dealt with fully as we proceed, but may be summarised here. 
hey were : the fuller study of any variations of sensitivity to colours 
Which might be due to pigmentation of the skin or racial differences, 
Suggested by Burt? and Vernon’; the more detailed study of red- 
Bteen defectives, especially in respect of the intermediate colours; 
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sex differences, if any, and problems of heredity; the comparison of 
a group of subjects who came from the Glasgow School of Art with 
other subjects. In this chapter the normal, deviant and colour-weak 
subjects will be dealt with, and the red and green anomalous and 
colour-blind subjects will be reserved for the next chapter. 


‘TECHNIQUE 


The “Spectrum” filters experiment was continued for red, 
green, yellow and blue exactly according to the technique described 
in Chapter V. The intermediate colours were added, and details 
will now be given about the way in which they were used. For the 
orange -+blue-green sub-test the Ilford Spectrum orange filter (607) 
was used in the right-hand slide of the colorimeter with the Spectrum 
blue-green filter (603) below it. An intermediate mixture of these 
two colours produced a dark grey which matched the neutral filter 
of density 2.02 in the left slide. This slide was maintained throughout 
the test at zero scale reading. The orange filter was far too bright, how- 
ever, in comparison with the blue-green, and had to be cut down with 
a neutral filter of density 1.02, which was placed in a special slot made 
for the purpose behind the orange filter, in such a way that it did not 
overlap the blue-green filter at all. Under these conditions the left-hand 
spot was-brighter than the right, and the brightnesses were equalised 
by controlling the left-hand shutter. This sub-test was always carried 
out starting at a reading of the right-hand scale which gave a spot 
more blue-green than the left, then the spot was changed until it was 
more orange and then back until it was more blue-green again. If any 
difficulty arose, further series of readings were added for confirmation. 

For the yellow-green +violet sub-test the Spectrum yellow-green 
filter (605) was used with the violet (601) below it in the right-hand 
slide. It was not necessary to reduce the brightness of either of these 
with an additional filter. At an intermediate mixture the yellow- 
green and violet filters produced a grey which was very faintly blueish 
in hue. To match this grey exactly the left-hand spot was made 
slightly more blue by use of the Spectrum blue filter (602), which 
was placed above the neutral filter of density 2.02 in the left-hand 
slide, and the slide set at a scale reading of 15 mm. The colour of 
the left-hand spot under these conditions may be described best as 
a faintly blueish grey. The best position was determined by prelimin- 
ary experiments. This sub-test was carried out from the violet end 
towards yellow-green and back again to violet. In passing towards 
yellow-green there was a noticeable increase in brightness, and the 
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brightnesses of the two spots were equalised by means of the right- 
hand shutter, while the left shutter was always fully open, because 
the right-hand spot was brighter than the left, with both shutters 
open. For exceptional subjects, who will be discussed later, in whom 
the violet is darkened, the left-hand shutter had to be used. 

The fifth sub-test in the series was done with magenta (501 or 
Micro No. 6) above and Spectrum green (604) below it in the right 
slide. The filters are almost complementary, and an intermediate 
mixture of their colours gives a grey with a very faintly blueish hue. 
This grey was produced with the blue filter (602) above and the 
neutral filter of density 2.02 below it in the left-hand slide, and set 
at 25 mm. scale reading instead of 15 mm. as for the yellow-green + 
violet test. The magenta-green sub-test was always carried out from 
magenta towards green and back again, the brightness of the magenta 
was much greater than that of the green, and brightnesses were 
equalised with the right-hand shutter. 

The order of the five sub-tests was as follows: 1, red-green; 
2, orange +blue-green; 3, yellow-blue; 4, yellow-green violet; 
5, magenta-green. All five tests could be carried out in less than half 
an hour with the majority of subjects, and it was an advantage that 
the short intervals required for changing the filters gave the subjects 
rest pauses of a few minutes duration. Most subjects considered the 
yellow-blueand yellow-green + violet sub-tests to be the most difficult, 
especially the latter. For all but the red-green blind, any test in which 
the predominant change seems to be from a reddish to a greenish 
colour is easier than one in which it appears to be from a yellowish 
to a blueish colour. Thus orange to blue-green, red to green and 
Magenta to green all give the predominant impression of a red-green 
change, whereas yellow to blue and yellow-green to violet give a 
predominant impression of changing from yellow to blue. This greater 
€ase of red-green tests for normal subjects is strongly reflected in the 
factorial analysis which will be discussed later, where the red-green 
factor is decidedly predominant. For certain subjects who were 
very blue-weak it was necessary to compensate by setting the left 
slide at ro mm. instead of 15 mm. for the yellow-green + violet sub- 
test. This made the standard grey for that test blue enough for 
them but far too blue for the majority. It may bea little unfortunate 
that the polychromatic magenta was not paired with a polychromatic 
green, such as Micro No. 3 (or 404), to make the whole experiment 
More symmetrical, but it was thought that monochromatic colours 
should be used wherever possible, and no changes could be intro- 
duced after the experiment had been started. 

G 
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SuBJECTS 


The “ Nine-colour ” experiment was carried out on 245 subjects 
in all: 135 men and 110 women. A number of normal and most 
of the abnormal subjects also did the Ishihara Test. A proportion 
of the subjects were invited because of known colour-vision defects; 
others because of known defects of relatives; others again because 
they were Indians, West Africans or Jews. Each subject was classified 
as “dark”, “ moderately dark”, “medium” or “ fair”. This 
classification was based on hair and skin colour combined, but it 
was found that the four-fold classification was unsatisfactory, so 
the “ moderately dark ” were later included with the “ dark ” and 
the “ medium ” with the “ fair ”. A number of normal and abnormal 
subjects who had taken part in previous experiments were included 
in order to enable the experimenter to gain some idea of the relation- 
ship between the tests used. After excluding the colour-blind 
subjects and those who had been specially invited a random sample 
of 103 men and 86 women remained, 189 in all. One man did not do 
the purple-green test; so the number of men for this test was 102. 


DEVIATIONS 


Table 45, and Diagram XVII show the distribution of deviations 
for men and women in the red-green test. Four major defectives (1 
woman and 3 men) have been added to this and the following dia- 
grams in this chapter. It will be seen that no subjects in the table 
fall beyond the limits of + 3 x sigma. Anomalous subjects, who are 
much more extreme, will be dealt with in the next chapter. Six 


TABLE 45. 


DISTRIBUTIONS OF MID-POINTS FoR THE RED-GREEN TEST WITH SPECTRUM 
FILTERS, IN TERMS OF STANDARD DEVIATION—COMPARED WITH 
Normat Curve 


“Normal”: “Deviants”: “Extreme Deviants”: 
Less than 1 X sigma or more but | 2 X sigma or more but | Totals 
I X sigma less than 2 X sigma less than 3 X sigma 
20°5-22'5 19*5-20 23-23'5 18:5-19 24-24'5 
mm. mm. mm. mm. mm. 
RED GREEN ReD GREEN 
MEN oF 80 13 7 2 I 103 
Women .. 70 7 3 2 4 86 


NORMAL 
CURVE.. 68 13°7 2'3 13°7 23 109 
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women and three men who fall in the 2—3 sigma class may be called 
extreme deviants. The grouping in terms of the standard deviation 
in this and the following tables for the other sub-tests in this experi- 
ment is approximate, because readings of less than 0.5 mm. were not 
made. The Chi-squared test, however, shows no significant differ- 
ence between the distributions for men and for women, and that 
neither differs significantly from the distribution expected in a nor- 
mal curve of roo hypothetical subjects shown on the same table. 


MID-POINTS 


WOMEN ABOVE m = PROTANOPE 
MEN BELOW © = DEUTERANOPE 
IN EACH FIGURE &= RED ANOM. 
N 3 = GREEN ANOM(3) 
50 
40 | 
| I 
sf} h 
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2 | 930 
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z I} g 
20 F 
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o 
, ieee: 20 250027 
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Half-Millimetre Steps. Magenta- 


Dia i iment : 
gram XVII. Nine-Colour Experimen 87 Women in Both 


Green: 105 Men. Red-Green: 106 Men. 


More exact grouping in terms of the standard deviation would 


therefore not be necessary. 


Most of the extreme deviants shown in this table showed pecu- 


liarities of colour vision in daily life. One of them, a Polish youth, 
Made five mistakes in the Ishihara Test. In addition to his red 
deviation he had a red-green range of 5 mm., which classes him as 
Very red-green weak as well as being an extreme deviant. He had a 
difficulty with Nagel’s card test, and he reported that he had been 
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tested for the Air Force a year before and rejected. He thought his 
-= colour vision was worse then, and that it had improved as a result of 
rest and better food since he had escaped from German occupied 
Poland. 

The most extreme woman red deviant was a subject with so large 
a range (7 mm.) as to be almost classifiable as red-green blind rather 
than as a deviant in the strict sense. On a second test, a month 
later, she had a smaller deviation and range, but this was partly due 
to practice in doing the test. She made seven mistakes in the Ishihara 
Test, and reported calling a colour “ blueish rose ” when other people 
called it “ rust ”, and another colour “ buttercup yellow ”, which 
was indignantly denied by her friends. Colours she calls “ purple ” 
other people call “ pink”. If the colour she called “ buttercup 
yellow ” had been orange to the normal, all these peculiarities of 
naming would accord with her special weakness in red, although red 
was brighter than the normal for her. She did the Holmgren’s Wool 
Test, and was excessively particular, which is characteristic of the 
colour weak and colour blind. She succeeded in passing the test, 
but called the standard pink skein “ purple ” and refused to. match 
it with coral pinks, which apparently looked yellowish to her. This 
again accords with her predominantly red weakness. She reported 
that her paternal grandfather’s brother’s daughter was said to be 
completely colour blind, and had called a navy blue frock “ pink ”. 
This relationship would fit in with the sex-linked pattern if the 
paternal grandfather and his brother had both been colour blind and 
had both married heterozygous women, when the daughter of the 
one and the son of the other could have been red-green blind. 
Presumably the daughter was not totally colour blind, but an extreme 
protanope, for whom such an error as that of calling a navy blue 
frock “ pink ” would be possible. If this were the pattern or inheri- 
tance, then the subject’s father must have been the colour-blind 
son in question. Accordingly he was invited, came to the laboratory 
and was tested. He had no peculiarity in red and green, but a moder- 
ate yellow-blue range. That possible pattern of inheritance was 
apparently ruled out, and it seemed that her defect could not have 
been inherited from the same line as that of her parental grandfather’s 
niece. Accordingly it might have come from her mother’s side of 
the family, but her mother was dead, and it was not possible to get 
in touch with any maternal relatives, though an aunt on her mother’s 
side was said to be a red-green defective. Since her father was not 
red-green blind the subject should not have been homozygous for 
red-green blindness, but must, presumably, have been heterozygous: 
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Thus we have evidence of the magnitude of red-green defect which 
may sometimes be produced by the heterozygouscondition ina woman. 
Another point of interest is that her condition could not have 
been due to the interaction of two different genes, one for protanopia 
and the other for deuteranopia, which has been suggested as the 
cause of somewhat marked defects in a proportion of women. Had 
this been her condition, then her father must have been red-green 
blind, but he was normal, In Chapter X, however, it will be seen 
that, on the two-locus theory, a man of normal phenotype might be a 
double-defective in genotype, and have a defective daughter. This 
Woman subject, though not either colour blind or anomalous accord- 
ing to any strict definition of these conditions, is certainly weak 
enough to be failed with justice in any serious test of colour vision. 
One subject who almost fell into the extreme green deviant 
class made three mistakes on the Ishihara Test. He was also very 
yellow weak. His spectrometer readings are interesting in comparison 
With the readings for eight subjects given in Chapter I. These are 
shown in Table 46. The central readings for the various colours for 


TABLE 46 


Min SPECTROMETER READINGS FoR COLOURS BY SUBJECT M1g1 COMPARED 
WITH THE AVERAGE FOR EIGHT OTHER SUBJECTS— 
IN ANGsTROM UNITS 


Red | Orange | Yellow |¥-Grn.| Green|B-Gr.| Blue |Violet “Purple” 


Subj. 

Migr 6500} 6200 | 6100 | 6000 |5770 |5530 |4950 |4750 | 4260 
Mean | | 

for 8 |ós5o| 6r25 | 5880 | 5485 |5390 | 5365/4810 |4540] — 


this subject are given above and the average central readings for 
eight other subjects below. It will be seen that there is a distinct 
tendency for yellow, yellow-green and green to be shifted towards the 
red end of the spectrum, and a corresponding tendency for purple 
to be included in the end of the part usually called violet, though 
the positions of red and blue are unchanged. This corresponds 
well with his weaknesses in green and yellow observed in the colori- 
meter experiment. Blue and blue-green encroach upon the dimin- 
ished green, yellow and yellow-green, while there is a tendency for 
red to encroach upon their complementaries, especially violet, from 
the other side of the colour circle, so that he called the extreme 
violet part of the spectrum “purple”. He smoked fifteen cigarettes a 
day, and said that he had had a bad night fire-watching before 
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doing the tests. The tests were repeated four months later, and this 
time his green deviation was greater, putting him in the extreme 
deviant class, so it seems unlikely that the weakness can have been 
due to a sleepless night. There was no evidence suggesting a sex- 
linked defect in his case, but it.is almost impossible to be confident 
of its absence, because his mother was not available for testing, and 
even if she had been tested she might have given an indecisive 
result. 

The deviations in the orange+-blue-green test are shown in Table 
47, grouped in the usual manner, and in Diagram XVIII. There 
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Diagram XVIII. Nine-Colour Experiment: Half-Millimetre Steps 


were only three extreme deviants in this test, one man and one woman 
on the blue-green side and one woman on the orange side. Again 
there are no sex differences. The extreme subjects are interesting. 
The first had a very big range in the yellow-blue test, and he rejected 
the normal orange -+blue-green match, though his red-green vision 
was normal. It would appear that his yellow-blue weakness did not 
affect orange, but did affect blue-green. The second also rejected the 
normal orange--blue-green match, and was an Indian woman who 
had a green extreme deviation. Apparently her weakness in gree? 
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affected blue-green. The third was the woman who had an extreme 
deviation in green and so big a red-green range as to be almost colour 
blind. She was discussed in the previous group of subjects. She has 


TABLE 47 


DEVIATIONS IN THE ORANGE-+BLUE-GREEN TEST GROUPED IN MULTIPLES 
OF THE STANDARD DEVIATION 


“Normal”: “Deviant”: “Extreme Deviant”: 

Less than | x or more but less than | 2 or more but less than | Totals 

I X sigma 2 X sigma 3 X sigma 

12-14°5 15-16 10°5-11°5 | 16°5-17°5 9-10 

mm. mm. mm. mm. mm. 
ORANGE | B-GREEN | ORANGE | B-GREEN 

MEN s 82 12 8 o 1 103 
Women 73 4 7 I I 86 


also a very big range in the orange +blue-green test. It is clear that her 
red-green range affects her orange--blue-green range, and the red 
deviation is reproduced as an orange deviation in the present test. 
Her yellow-blue vision is normal, although her red-green defect 
appears again in a large yellow-green deviation in the violet+-yellow- 
green test, and as a large range in the green-purple test. 

In Table 48 and Diagram XVIII the deviations for the blue- 
yellow test are shown. The standard deviation (sigma) for women is 
Not significantly less than that for men, but it seemed more conven- 
lent to group them separately here. There are two blue and two 


TABLE 48 


BLUE-YeLtow DEVIATIONS IN MULTIPLES OF THE STANDARD DEVIATION; 
Men AND WOMEN GROUPED SEPARATELY 


“Extreme Deviant”: | More 


“Normal”: “Deviant”: 

Less than | 1 or more but below | 2 or more but below | than | Totals 
is igma 3 X sigma 3 x 

I X sigma 2 X sigi Smá 


BLUE | YELLOW Biue | YELLOW 


Men "5-23" -I 24-26 14-165 | 26:5-28 29 
BE 3 Hae mm. mm. mm. mm. 
72 15 10 2 3 I 103 
Wow 8 25-26 5 
OMEN | 20-23 | 18-5-19°5 | 23°5-24°5) 17-7 - 14° 
m. mm. mm. mm. 
mm. mm. in 5 : i T 


66 10 
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yellow extreme deviant men, but they would be beyond the 3 X sigma 
limit for women, whereas the two blue and one yellow extreme deviant 
women would be deviants if they were men. There is one man 
beyond the + 3 X sigma limit on the yellow side, and one woman 
beyond the —3 Xx sigma limit on the blue side. The first of these 
has already been discussed at some length as a green deviant, and 
his spectrometer readings were given in Table 46. In the yellow- 
blue test he has an exceptionally large deviation, and although 
his range is also very large, it does not overlap the normal mid- 
matching point. He had no difficulty with the yellow-blue figures 
in Stilling’s Tables, but found the blue-green figures very difficult. 
The second subject was a woman art student, about whom no other 
information is available, except that she is normal in red and green. 
In yellow and blue she has an extreme deviation to the blue side, 
and is one of the rare subjects who might almost be classed as blue 
anomalous, because her range is very small. Blue was not darkened 
for her. However, her blue deviation was not so extreme as the red 
and green deviations of the subjects to be classed as red and green 
anomalous, and, since the intermediates in blue can be found, 
whereas in red and green they are not to be found, the expression 
blue anomalous will not be used. 

In the violet +-yellow-green test, the results of which are shown in 
Table 49 and Diagram XVIII, the men are again apparently more 
scattered than the women, though there is not a statistically signifi- 
cant difference between their standard deviations (sigmas). There 
are five violet and three yellow-green extreme deviants among the 


TABLE 49 


DEVIATIONS IN THE VIOLET-+ YELLOW-GREEN TEST GROUPED IN MULTIPLES 
OF THE STANDARD DEVIATION; MEN AND WOMEN GROUPED 


SEPARATELY 
“Normal”: “Deviant”: “Extreme Deviant”: | More 
Less than | 1 or more but below | 2 or more but below | than Totals 
1 X sigma 2 X sigma 3 X sigma 3 x 
sigma 
Vioter | Y-Green| Viorer | Y-Green|] Y- 
GREEN 
MEN 13-16mm. | 11-12°5 | 17-18-5 8-10°5 19-2175 | 23°5 
mm. mm. mm. mm. mm. 
74 10 Ir 5 2 I 103 
WoMEN 13°5-16°5 12-13 17-18 10-11°5 | 186-20 = 
mm. mm. mm. mm. mm. 
59 12 12 2 | I = 89 
| 


» 


THE ‘‘ NINE-COLOUR ” EXPERIMENT 183 


men, and two violet and two yellow-green deviants among the women. 
These subjects are interesting. The most extreme yellow-green 
deviant man was a West African (Yoruba) who had a large but not 
very exceptional yellow-blue range, and he was a yellow deviant. He 
called the test spot “ green ”. The first woman yellow-green deviant 
showed no other peculiarity, but the second was exceptionally yellow- 
blue weak, with darkened violet, and her defects had appeared in the 
rotating disks test. 

The five violet deviant men all rejected the normal match, 
and one of them was a green deviant who had exceptional yellow 
weakness. He called both the spectrum blue and violet “ purple”, 
which accorded with his naming the extreme violet end of thespectrum 
“ purple ”, as mentioned above, and he had a tendency to call the 
spectrum yellow-green filter “ blue ” in comparison with the violet. 
He is probably a type of subject Edridge-Green would class as having 
a general colour weakness.® Another was almost a deviant in blue 
and red, and his extreme deviation in violet may be viewed as the 
summed effect of the other two weaknesses. He was also a purple 
deviant. His colour naming exactly accorded with these weaknesses : 
he called the spectrum green filter “blue”, the blue “ purple”, 
the yellow “ orange ”, the blue-green “ blue ”, the orange “ brown ” 
and the purple filter “ red » This is an interesting example showing 
how the colour naming of a defective subject may accord perfectly 
with his own colour perception and is not the result of chance errors 
as often supposed. Violet was not at all darkened for him, but was 
markedly weakened; red and blue were rather less weakened than 
Violet. Purple in consequence looked red and violet looked blue; 
green and yellow, which were not at all weakened, invaded and were 
Confused with blue and orange respectively. In the beads test he 
Placed red beads correctly, but he put yellow-green beads in the 
green hole along with green beads; yellow beads he placed correctly, 
but he classed orange as a kind of yellow, and in the blue hole he 
included blue-green, blue and dark grey beads. He objected strongly 
when his peculiarities were pointed out and discussed with him after 
the tests. This was on December 318t, 1943, and he had agreed to do 
the test about 9 p.m. while fire-watching, with many protests on 
account of the pressing nature of his studies, which he wanted to 
pursue, but he kept the experimenter until after mid-night disputing 
the results of the tests, and departed for bed only when it was agreed 
to submit them to a third party for arbitration. Needless to say 
the third party was never consulted. It was a very cordial discussion 


and an unusual way of spending New Year’s Eve. 


c* 
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Of the remaining three men who were violet deviants, two also 
showed marked blue-yellow defects, one having an exceptional range 
and the other being a blue deviant. The third showed a moderate 
degree of blue deviation together with a moderate green deviation. 
One had the violet very darkened. 5 

There were two women with extreme violet deviations. The 
first, who was almost a green deviant, had a very large range in 
blue and yellow without any deviation. The second accepted the 
normal violet +yellow-green matching point and had a very large range 
in blue and yellow without deviation. She had very darkened violet. 
It is an interesting observation that extreme violet deviation occurs 
sometimes with and sometimes without darkening of the violet. 
This is a serious problem for the Young-Helmholtz theory, on which 
it should always correspond with darkened violet, A parallel diffi- 
culty is found with red deviations, which do not nec 
pond to darkening of the red end of the spectrum, 
on a three-colour theory. 

Table 50 and Diagram XVII show the distributions of deviations 
for men and women in the purple-green test. The women seem to 


essarily corres- 
as they should 


TABLE 50 


DEVIATIONS IN THE PURPLE- 


Green TEST IN MULTIPLES OF THE STANDARD 
DEVIATION: MEN 


AND WOMEN GROUPED SEPARATELY 


“Normal”: “Deviant”: “Extreme Deviant”: | More 
Less than | 1 or more but less | 2 or more but less than 3 | Totals 
I X sigma than 2 X sigma than 3 X sigma sigma 


PURPLE | Green | Purpre 


GREEN | GREEN 
MEN 18:5-20 17'5-18 | 20°5-21 16:5-17 | 21*5-22 24 
mm. mm. mm, mm. mm. mm. 
73 9 16 3 o I 102 
Women 19-20mm. | 18-5mm. 20'5mm. | 18mm. 21mm. — 
67 8 3 2 — 86 


» 
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intermediate colours, orange, yellow-green, blue-green, violet or 
purple, always correspond with weaknesses in one or more of the 
four primaries, red, yellow, green and blue. According to the Young- 
Helmholtz theory yellow would be one of the intermediates, and 
weaknesses in it would be expected to accord with weaknesses in 
red and green, but are found to be independent of them. Weaknesses 
in yellow are related more frequently to blue weaknesses than to 
red or green. Orange and yellow-green, however, vary in relation 
to red, yellow and green, not to red and green alone, and the evidence 
from deviations tends decidedly to support four rather than three 
primaries. 

There is an important characteristic of the series of tests taken 
together. Table 51 shows the standard deviations of all five tests 
for men and women separately : for both sexes it tends to increase 


TABLE 51 
STANDARD DEVIATIONS OF THE Five Tests FoR MEN AND WOMEN 
Test: Red- Orange+B- Yellow- Yellow-G+ Purple- 


Green Green Blue Violet Green 
Siema f MeN 103 1°30 2°29 2:11 102 
(mm.) Women roô 1°18 1°72 1°70 0°64. 


Consistently as the test-axis is moved round the colour circle from 
red-green towards yellow-blue and then decreases again as the axis 
returns towards red-green from the otherside. None of the differences 
between the standard deviations of men and woman are significant, 
though there is a fairly consistent tendency for women to have 
lower standard deviations than men. This would support the 
suggestion that men are more scattered in mid-points than women. 
The difference between the red-green and the yellow-blue tests is 
almost significant for men, with a probability of about 2%, but not 
for women, while that between the yellow-blue and purple-green 
tests is significant for women but barely significant for men (P=2% 
again). Hence the tendency for standard deviations to increase 
from the red-green test to the yellow-blue test, and to decrease 
again in returning to the red-green test the other way, is statistically 
significant when the whole group of 103 men and 86 women are 
taken together. This, fits in well with other evidence showing that 
red-green contrasts are more sharply defined than yellow-blue 
contrasts, and with the fact that red-green tests are much easier to 
Set up and to carry out on normal subjects than yellow-blue tests, 
though it is the other way round with the colour blind. 
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MATCHING RANGES 


The ranges of matching in the red-green test are shown in Table 
52 and Diagram XIX. The modal range for men is o. 5 mm. and for 
women 1.0 mm. If the subjects with a range of 3 mm. and more are 


TABLE 52 
MATCHES RANGING IN THE RED-GREEN TEST 
Range 
in mm. oS TO z6 3:0 şö o 6o 7:0 Totals 
MEN 38 31 17 13 o 4 o © 103 
Women 21 40 17 2 4 o I 2 86 


grouped together, Chi-squared shows that there is a decidedly signifi- 
cant difference b 


difficulties with colours in daily life. 


In Table 53 and Diagram XIX th 


e ranges in the orange and 
blue-green test are shown. Here again, 


the modal range for women 


TABLE 53 
ORANGE- BLUE-GREEN RANGES FOR MEN AND WOMEN 
Range 
in min. OS TO 20 a6 40 50 6:0 7o 8o Totals 
MEN 13 40 28 13 5 T @ 6 I1 103 
WomEN 12 22 4 iB 2 pg 6 o 686 


appears to be slightly larger than for men 
ally significant difference. Of the seven weakest subjects, all but one 
had very large yellow-blue or red-green ranges. The remaining 

» purple and blue deviations. The red and blue 


ion might account for the purple deviation 
and for the orange-++blue-green range. i 


Table 54 and Diagram XX show the distribution of matching 
ranges in the yellow-blue test for men and women. Here the ranges 
have been grouped in 2-millimetre units up to r1.0 mm., and then 


, but there is not a statistic- 
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in larger units, in order to reduce the length of the table. It is 
interesting to compare this table with Table 52, which shows the 
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red-green ranges. The spread in yellow and blue is more than three 
times as great as in red and green. Jf the red-green blind subjects 


Were included in Table 52, then its spread would be greater than that 
of the yellow-blue table, but there would be a large gap between the 
Ordinary subjects and the red-green blind, whereas in Table 54 there 


TABLE 54 


YeLLow-BLUE RancEs: MEN AND WomeEN SUBJECTS 


8-0- 10ʻ0- 12°0- 16°0- 20:0- 
iro 150 190 25:0 Totals 
10 666 3 4 103 
3 I i; 86 


Range 0'5- 2'0- 4'0- 6'0- 
in mm. ro 370 5'0 70 g'o 
Men 8 32 15 10 615 
Women 4 29 IL 12 9 5 
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is no gap of this kind, and the table would not be made any longer by 
adding any subjects who have been excluded from the random 
sample. In other words, it is again evident that the extremes of 
yellow-blue weakness are continuous with the normal grouping, 
while in red-green vision the colour blind form separate groups. It is 
also to be inferred that yellow-blue vision is much more variable 
than red-green vision when the red-green blind have been excluded. 


m = PROTANOPE 190 
5 = DEUTERANOPE a 
100 5 = GREEN ANOMALOUS (9) 
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Diagram XX, Nine -Colour Experiment. Matching Ranges: 106 Men; 87 
omen (Magenta-Green 105 Men): Millimetre Steps 


The Chi-squared test shows no difference between women and men 
in yellow-blue ranges, and since no subjects have been excluded on 
account of exceptional yellow-blue weaknesses, it may be inferred 


having a probability between 1% and 2 
that women are rather more sensiti 


very convincingly. The weakest su 


%. It therefore suggests 
ve than men in this test, but not 
bject is a man, 
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TABLE 55 
YELLOW-GREEN-+-VIOLET RANGES: MEN AND WOMEN 


Range in 

mee os | 1:0 | 2:0 | 3:0 |40 | 5:0 | 6-0 |70 8-0 | 13°0 | 17:0] Totals 

TS 4 $5 | ae | 35. | 19 | 3 | © | mi eel © r | 103 
EN | 14 | 41 | 11 Sis 2 $ I I I ° 86 


Of the subjects who had matching ranges of 6.0 mm. or more 
several should be mentioned individually. One woman who had 
weaknesses in all colours, including yellow-green and violet, had 
no difficulty with the Ishihara Test, but was unable to read the blue- 
green figures in Stilling’s Tables. She knew of no colour-defective 
relatives. Violet was not at all darkened for her, but for another woman 
who showed similar defects it was very darkened. Another woman, 
who was normal in red and green, but who had blue and yellow 
weaknesses, was also weak in violet and it was darkened for her. 
She made five errors and was doubtful about six other figures in 
the Ishihara Test, was unable to read the blue-green figures in Stilling’s 
tables, and had a slight divergent squint, affecting the left eye. 
She believed that she saw pink wallpaper a deeper hue with the right 
eye than with the left. She was tested with each eye separately, as 
yel as with both together, and no differences in sensitivity were 
ound between the eyes. Another woman subject, who had a range of 
13.0 mm. in yellow-green and violet, was also very blue-yellow weak 
and slightly red-green weak. Violet was of normal brightness for 
her. She had a special interest in colours and their psychological 
meanings, and it is possible that an interest of this kind may some- 
times be a compensation for colour weakness of which the subject 


1S not aware. 
F No relationship was found 
of the violet, and this is difficult to reconci 


theory of blue and violet weaknesses, an 


theory of colour vision. 


Table 56 and Diagram XX show 
Separately in the purple-green test. The difference between men 


and women on this test is not statistically significant. 

The study of matching ranges confirms that of deviations in 
Showing that defects of sensitivity in the intermediate colours, orange, 
yellow-green, blue-green, violet and purple, are due to weaknesses 
1n one or more of the primaries, red, yellow, green and blue. These 


between violet defects and darkening 
le with the pigmentation 
d with the trichromatic 


the ranges for men and women 
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primaries must include yellow, for weaknesses in yellow are not 
determined by red-green weaknesses. There is a tendency for those 
with large red-green ranges to have ranges proportionally less large 
as the axis tested passes round towards yellow and blue and then 


TABLE 56 
PurPLE-GREEN RANGES: MEN AND WOMEN 


Range in mm. 
o5 ro zo 30 4:0 5:0 Totals 
MEN 22 ` 34 28 15 I 2 102 
Women a) mets 12 2 2 86 


larger again as it returns to red and green the other way. Similarly 
those with large yellow-blue ranges tend to have ranges less large in 
orange and blue-green or in yellow-green and violet and still less 
in red or purple and green. Those who have large ranges both in the 
red-green and in the yellow-blue tests are the ones who have marked 
weaknesses in all the other tests as well. Darkening of the violet end 
of the spectrum sometimes accompanies yellow-blue weaknesses, 
but not always, just as darkening of the red accompanies red-green 
weaknesses only in certain cases, 

Like the deviations in these five tests, the matching ranges have 
an important general feature, which is shown in Table 57. The 


TABLE 57 
Mopar Marcuinc RANGES: MEN AND WOMEN 
Test : RG O-BG Y-B YG@-V PG 
Range (Men a> 1628 r'o 2'0 r'o I0 
(mode) 
inmm. (Women .. ro 2'0 3:0 bare) 1-0 


and then it decreases again as the 
Teturns to red and green from the 
ssion from the study of individual 


ranges, that the red-green and yellow-blue axes are limiting positions, 


probably almost at right angles to 
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The measurements of deviations suggest, rather inconclusively, 
that men tend to be more scattered in mid-positions than women, 
and the matching ranges show that women are more often colour 
weak than men in the red-green test. In order to test further the 
hypothesis that there might be sex differences, the colour thresholds, 
measured from the average matching positions to the points at which 
each colour appeared different from the standard, were calculated. 
The mean differences between men and women for these colour 
thresholds were tested by the standard error technique. No differ- 
ences were found, even on the most lenient level of statistical 
probability. It appears therefore that the only clear sex difference is 
that women more often have large red-green ranges than men 
(excluding the red-green blind and anomalous). 


DARKENED VIOLET 


In the two groups, 103 men and 106 women (excluding all red- 
green blind and anomalous men or women, but including a number 
of women known to have colour-blind relatives), there were three 
men and three women for whom the spectrum violet filter was dark- 
ened by more than three times the standard deviation of brightness 
levels of violet for the remaining 203 subjects. Most of these have 
been mentioned already, but, because of the theoretical interest of 
the darkening of the violet end of the spectrum, which appears to 
have been discovered by Edridge-Green,® notes about them will be 
included again here. Knies mentioned a similar defect. 

_ The three men with darkened violet were all yellow-blue defect- 
ives. The first was a blue-yellow weak subject who also had weakness 
In yellow-green and violet, without much deviation. For him the 
loss of violet sensitivity was attributable to his defect in blue, which 
Was much greater, but the darkening of the violet extended into the 
blue. The second was a blue and violet deviant with moderate 
ranges in the blue-yellow and yellow-green +-violet tests, and conse- 
quently he was not weak in yellow or yellow-green. He was a little 
Weak in green, however, and called it “ blue”. For him, again, the 
Violet weakness would appear to be due to the blue defect, but the 

arkening of the violet also extended into the blue. The third was 
very similar, showing rather smaller, but marked blue, violet and 
Steen deviations, and a large yellow-blue matching range. One of 
the women was exceptionally yellow-blue weak, and this affected 
Orange and blue-green as well as violet and yellow-green, and purple 
and green, She had a very slight red-green weakness. The second 
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was similar though her defects were less marked, and the third 
was similar again, but without the slight red-green weakness. All 
six subjects with darkened violet were therefore yellow-blue weak 
or blue deviants, and the blue part of the spectrum was slightly 
darkened though much less than the violet part. For the most 
extreme the blue part was markedly darkened. 

It is interesting that the proportion of subjects with darkened 
violet rays should have been almost 3% for each sex. Approximate 
frequencies for a sex-linked character, based on the observed 
frequency of 3% of men showing it are indicated in Table 58. If 


TABLE 58 


APPROXIMATE EXPECTED FREQUENCIES OF DARKENED VIOLET IN WOMEN, 
ON BASIS OF 3% AMONG MEN, IF IT WERE A SEX-LINKED CHARACTER 


MeN: 


WOMEN : 
Dark. Violet | Normal Violet | Darkened Violet Normal Violet 
Homozygous Heterozygous Homozygous 
7 d xt 2xy yi 
3% 97% or% 5:8% 94°1% 


it were a dominant all heterozygous women would show it, and there 
would be 0.1% 


+5.8% or 5.9% of women with the defect. If it 
were a recessive, then none of the heterozygous women would 
show it, and there would be only 0.1% of women with darkened 
violet. Since the frequencies are about 3% for men and women the 
figures certainly Suggest no sex-linkage, but the differences between 
observed and expected frequencies are not Statistically significant 
for a dominant, though they are decidedly significant on the assump- 
tion that it is a sex-linked recessive, These data, therefore, indicate 


that darkened violet is unlikely to be sex-linked, though it might 
possibly be a sex-linked dominant, 


In the observed sample of 209 subjects, 
as frequent as darkened red is among men 
and the degree of the darkeni 


darkened violet is about 


with red deviation rather than 
tkening of violet is not necessarily 
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associated with blue-deviation rather than with yellow-blue weakness. 
Thus, although, as Walls? has predicted, there are two classes of 
blue-defectives, those with and those without darkened violet, they 
are not, as he suggested, due to shifting of blue sensitivity towards 
green (darkened violet) and of green towards blue (violet not darkened) 
respectively. They are both yellow-blue defectives in one group of 
whom there is darkening of violet. Since darkened violet is not 
necessarily associated with blue defects, it cannot be explained purely 
by pigmentation of the optical system. 


WomeN WITH CoLour-BLIND RELATIVES 
` 


Excluding three red-green blind women and one who was green 
anomalous, altogether 26 women with relatives who were major 
red-green defectives took part in this experiment. Some were found 
by chance, others were invited because of their known relation to a 
colour-blind person. Ten were sisters, four were mothers, seven 
daughters, two fathers’ daughters’ daughters, two fathers’ sisters’ 
daughters, and one was a mother’s father’s brother’s daughter’s 
daughter of a major red-green defective. Most of the red-green 
defective relatives were men, and some of the 26 women had several 
colour-blind relatives, so that all the relationships have not been 
exhaustively specified above. i 

If the mean matching point in the red-green test is calculated 
for the 26 women with colour-blind relatives, it is found to be not 
significantly different, even on the most lenient reckoning, from the 
Mean for the remaining women subjects, and, although the group of 
Women with red-green defective relatives includes some with fairly 
large deviations, the standard deviations of the mid-points of the two 
8toups are not statistically different. Consequently it would appear 
that deviation in the red-green test is not a consistent indication of 
a Woman being heterozygous for red-green blindness, but it may be 
an indication in some cases. . i 

If the red-green matching ranges are classified as in Table 59 
showing the numbers of women with and without colour-blind 
relatives, who had less than twice the modal range or two or more 
times this range, then Chi-squared may be calculated on the assump- 
tion that the women without colour-blind relatives represent the 
8toup homozygous for normal red-green vision, and the women with 
Such relatives represent the group heterozygous for red-green 

lindness, Chi-squared is more than three times as great for this 
2 X 2 table as would be required for statistical significance at the 
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1% level. Thus there is no doubt that the 26 women with red-green 
blind relatives tended to have much larger matching ranges than the 
80 without known colour-blind relatives. This supports the conclusion 
of the rotating disks experiment, that a large matching range is a 


TABLE 59 


PROPORTION OF WOMEN WITH CoLour-BLIND RELATIVES WHO HAVE Two 
or More Times THE Mopar RANGE IN RED AND GREEN 


Less than twice Two or more times 

Modal R-G Range Modal R-G Range 
No known 
R-G blind 60 20 
Relatives 
Known 
R-G blind 5 2I 
Relatives 


strong, though not absolutely certain indication of the heterozygous 
condition for red-green blindness in a woma 


n. The proportion of 
presumed and certain heteroz 


ygotes in this, table is 26/106, or 
24.5%, Which is much higher than the expected proportion of 13.2% 
based on the assumption of 7%, of red-green blind men. This is 
due to the inclusion of 17 who were specially invited, leaving 9/89, 
or 10% who were found by chance, which agrees with the expected 
13.2%, from which it is not Statistically different. 

The presence of two X chr 


l omosomes in women must have a 
steadying effect on the red-green mid-points, which are more scattered 
in men, who have the XY chr 


i omosome condition. This suggests 
that the establishment of a balance between red and green sensations 
in individual development mig 


ht be due to the influence of genes 
located on the X chromosomes. When there is only a single X 


chromosome approximately half of these genes will be missing—a 
condition normal in men—and in consequence the establishment 
of that balance will be more liable to disturbance than it is in women. 
Another possibility is raised, namely that in women the normal 
heterozygous condition, that is to say, the condition when the 
gene for red-green blindness is carried on one X chromosome and 
not on the other, and which may be represented X’X, leads to 4 
greater variability of red-green thresholds and not to a disturbance 
of the balance of these sensations against each other. In other words, 
d-green balance is associated with the XY 


chromosome condition in men, but variability of red-green thresholds 
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in women is associated with the X’X condition. Major red-green 
defect, which is due to the X’Y condition in men or with the X’X’ 
condition in women, is an extreme exaggeration of the disturbances 
of thresholds when it appears as colour blindness, or an extreme 
disturbance of the red-green balance when it appears as anomalous 
colour vision. Further investigation of the implications of these 
speculations is most important, especially in connection with the 
two-locus and multiple allelomorph theories to be discussed in 
Chapter X. 

Table 60 shows the peculiarity found in 15 women related to 
major red-green defectives whose defect had been accurately studied 


TABLE 60 


NATURE OF PECULIARITY, IF ANY, IN HETEROZYGOUS WOMEN WITH VARIOUS 
TYPES OF RED-GREEN DEFECTIVE RELATIVES 


Peculiarity of the Heterozygous Women : 


Green Red Twice Modal None 
Relative Deviation Deviation R-G Range 
Protanope = = 3 = 
Deuteranope I — 8 — 
Red Anomalous = — = I 
Green Anomalous I — I — 


in the present experiment. It will be seen that twice the modal red- 
8reen range is on the whole distinctive of the female relatives of 
Protanopes and deuteranopes, but whether a red or green deviation 
1s equally characteristic of the female relatives of red and green 
anomalous men respectively cannot be determined from such small 
numbers, This matter will be dealt with again later. 


THE ISHIHARA TEST 


Excluding the anomalous and red-green blind subjects, who will 


be dealt with in the next chapter, 45 men and 51 women who took 
Part in the present experiment also did the Ishihara Test, under 
Carefully standardised conditions, using a daylight blue lamp, as 
described in a previous chapter. It is interesting to tabulate the 
numbers of errors made by these subjects and to compare them with 
the results of the red-green colorimeter test. Table 61 shows the 
numbers of subjects in the various classes in the colorimeter test 
and the corresponding numbers of errors on the Ishihara Test, 
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giving the range and the modal number of errors for each group, 
except where there were only two or three subjects. 

TABLE 61 


ERRORS ON THE ISHIHARA TEST 


5 Numbers of Errors on Ishihara Test 
Colorimeter 
Test : MeN Women 
Classificati Number of Number of Number of Number of 
ossification Subjects Errors Subjects Errors 
“Normal” 32 o—8 19 o—9 
Mode=1 Mode=1 
“Deviant” 6 I—8 IT 2—II 
Mode=3-5 Mode=2 
“Extreme Deviant” 2 3 and 21 3 I, 3 and 3 
“Red-Green i I—7 18 Oo—II 
Weak” Mode=4 Mode =5 
Totals 45 o—8 and 21 51 o—II 


It will be seen that the Ishihara Test gives a very slender 
indication of the degree of red-green defect among these subjects. 
The one extreme deviant man who made twenty-one errors would have 
been classed as “totally green blind” on the Ishihara Test alone, anditis 
a possibility that he should have been classed as green anomalous on 
the red-green colorimeter test. Apart from him, it appears that the 
crease from 1 to 5 with increasing 
ess having more influence than 
Since the range of errors can be as 


; bjects who show no colour defects, as 
with extreme deviants and the red-green weak, the Ishihara Test 


could not be used to discriminate between these and normal subjects. 
The matter may be confirmed by calculating the mean number of 
> men and women as a group (4.25) and 

ogether (5.14). The difference between 


red-green defects, colour Wweakn 
deviation in producing errors, 
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In addition, a person may make up to about ten errors on the Ishihara 
Test without there being any certainty that suspicions of red-green 
defect are confirmed. These conclusions fully accord with expecta- 
tions based on the principles on which the Ishihara Test and similar 
tests are constructed. None of the colour differences between the 
individual spots used in it are subliminal, and it is doubtful whether 
a test in which subliminal differences were to be used could be pro- 
duced by colour printing. Every expert in psycho-physical measure- 
ments knows, however, as a first principle, that subliminal differences 
must be available for an efficient test of sensory acuity. This short- 
coming of the pseudo-isochromatic tables is met by arranging the 
Spots of colour in confusing patterns, so that some can read the figures, 
others can see the differences between the dots and not read the 
figures, and others again cannot even see the differences between the 
dots, For subjects with normal, deviant or slightly weak colour 
Vision, the difference between two and eight or ten errors is due to 
chance factors which are irrelevant to the sensory acuity being tested. 
For the red-green blind and anomalous subjects, however, many or 
all of the differences between the dots may be subliminal, with the 
result that these subjects make more than about 80% of errors, and 
may be picked out with some confidence. As explained in a previous 
chapter, unless there were a marked gap between the weakest of the 

€viant and colour-weak subjects and the best of the colour blind 
and anomalous, a test constructed on these principles could not be 
reliable at all, It is obvious that the true remedy for its defects is to 

ave the differences between the coloured spots under the tester’s 
Control, and that is done in the colorimeter tests. 


ART STUDENTS 


Seventeen of the subjects who took part in this experiment were 
art students, kindly brought from the Glasgow School of Art by 
„Miss Jean Gardner. Three of these were men and fourteen were 
Women. One of the women was green anomalous. One of the men 
Was an extreme green deviant who made twenty-one mistakes in the 
Ishihara Test. Since the woman was far beyond the normal range of 
deviations on the green side, her readings have been omitted from the 
following calculations, but the man was less extreme and his readings 

ave been included, If the mean matching points for the sixteen re- 
Maining art students in all five tests are calculated, they are found to 
differ only within the limits of chance expectation from those of the 
Other subjects, excluding the colour blind and anomalous. Hence art 
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students cannot be said to show any greater ability as far as matching 
points or deviations are concerned than the rest of the population. 
With the exception of the anomalous woman they are quite normal 
on the average in matching points for all the nine colours tested. 

Tf all the matching ranges for all the colours tested are tabulated 
for art students, showing how many had less than twice the modal 
ranges and how many twice or more times the modal ranges, these 
numbers may be compared with the frequencies for the remaining 
subjects by the Chi-squared technique. This shows no significant 
differences. Certainly the art students seem to be alittle more sensitive 
to red and green than the others, but the difference observed has 
a probability between 5% and 2%, whereas less than 2% would be 
required according to ordinary standards, in order that the difference 
should be considered convincing. 

It can be concluded, in so far as this experiment shows, that art 
students are neither better nor worse at colour discrimination than 
other people, with the exception of the green anomalous girl, who 
had a rare and extreme defect for a woman, of which she was unaware, 


and which does not appear to have been a disadvantage in her work. 
The anomalous, however, are not less particular in colour discrimina- 
tion than the normal; they discriminate in slightly different ways, 
and it is almost certain that red-green blindness would be a disadvan- 
tage for an art student. This is suggested by the fact that several 


of the red-green blind subjects had discovered their weaknesses in 
school art classes. 


In connection with this 
Geddes has concluded fro: 
natives, carried out with the 
“ the achromatic nature of 
of defective colour vision 
but is dictated by an almo 
dyes ”. In the present res 


problem it is interesting to note that 
m a study of the colour vision of Fijian 
shortened form of the Ishihara Test, that» 
most Fijian decorative art is not the result 
or lack of aesthetic discrimination of hue, 
st complete absence of suitable permanent 


earch a converse conclusion may be drawn : 
that the interest of these art students in coloured artistic work was 


not the result of unusually sensitive colour vision or discrimination 


of hues, but was determined by other factors, probably of an emo- 
tional and personal nature. 


Race AND PIGMENTATION! 

Vernon and Straker? have 
between the frequency of red 
tion. More subjects were fa 


given evidence that there is a connection 
-green defects and skin or hair pigmenta- 
iled on a combined form of the Ishihara 
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Test and Stilling’s Tables, used for testing recruits for H.M. Navy, 
in those parts of the British Isles (the South West and Western 
districts) in which more dark people are found, and fewer were failed 
in those parts (the North East and East) where more fair people 
are found. This confirmed evidence given by Burt (privately 
communicated but published later)? in which a correlation of +.174 
was found between darkness of pigmentation of the iris and colour- 
vision defects detected by a group of tests not specified in detail. 
These publications are extremely interesting, and it is most unfortu- 
nate that when the present experiment was undertaken I understood 
fr om personal communications that skin pigmentation was the central 
interest rather than pigmentation of the iris. Hence the subjects of 
this experiment were: classified on hair and skin pigmentation. Burt 
shows that hair colour is not related to colour-vision defects, and 
in the end his main claim is a correlation of about +.218 between 
the yellow-blue colour sensitivity component (when the results are 
factorised by a method which he explains) and pigmentation of the 
| itis. Vernon and Straker’s results suggest that red-green defects 
might be connected with racial differences if not with differences 
of pigmentation, because the South West and Western parts of the 
British Isles are inhabited by people more closely related to the early 
Settlers, who were driven to the West by the Scandinavian and North- 
ern tribes who followed. All, however, are of Indo-Germanic origin. 
eddes8 has given evidence that there is.a low incidence of colour 
blindness among Fijians, and this is also true of American Indians 
and American Negroes, who are all of Negroid racial origin. All 
these discussions, however, refer to red-green blindness and not to 


Small variations of colour sensitivity. The relation between pigmen- 
tation and red-green blindness will be dealt with in the next chapter. 

The subjects of the nine-colour experiment were classified 
dark ” or “ fair » mainly on the basis of skin pigmentation. In 


order to compare these groups the mean points of change from 
redder ” to “equal” and from “greener” to equal” in the 
red-green test and the corresponding points of change for the four 
Other tests were calculated for each group, together with their stand- 
ard errors, No statistically significant differences were found in any 
Colour sensitivity, between “ dark ” and “ fair ” subjects, taking men 
and women either separately or together, nor were any significant diff- 
erences found between men and women, taking a dark and “ fair 
Either together or separately. The groups compared included all the 
Subjects who did the experiment, with the exception of red and green 


anomalous and red-green blind subjects. 
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This part of the experiment does not give any support to the 
theory that colour-vision sensitivity of non-colour-blind subjects 
might be related to skin and hair pigmentation. If results such as 
reported by Burt and by Vernon and Straker were possibly due to 
racial differences rather than to differences of pigmentation taken 
by itself, then an investigation in a single centre, such as Glasgow, 
might give the result just reported. Then comparisons between par- 
allel investigations in different centres, such as Aberdeen and Plymouth 
might show the kind of differences reported by Vernon and Straker, 
irrespectively of skin pigmentation. This possibility is supported 
by the results given by Geddes for Fijians and others of Negroid 
stock, and by the comparisons given in the next paragraph between 
Indians, Europeans and West Africans. 

It was possible to include twenty subjects of dark or moderately 
dark skinned race, by the courtesy of Mr. A. Aaron, Warden of the 
Glasgow University Student International Club. In order to test 
the hypothesis that skin Pigmentation or racial difference might 
have a bearing on colour Sensitivity they were classified as shown in 
Table 62, and their sensitivities in all the five tests were calculated. 


TABLE 62 
EUROPEAN SUBJECTS IN THE NINE-COLOUR Tests 
Indian West African Turkish 


Non- 


Jewish 
Men 7 5 I I 
Women 3 I o 2 


periment is shown in Table 63. 
None of the differences of mean mid-points between the European 


oups is significantly different from zero, but 


-wise round the colour circle 
“green test is greater for the non-European than 
Toup, until we reach the yellow-blue test, and 
ing rate of decrease is equally great as we return 


starting with the red. 
for the European g 
then the correspond 
to the red-green axi: 
are the same. This su 
yellow-blue vision to b 
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while red-green vision is the same for both. This is borne out by 
tabulating the numbers of subjects in the European and non- 
European groups who have less than twice the modal range and 
two or more times the modal range of the Europeans in each test 
Separately. The Chi-squared test then shows that the differences 


TABLE 63 


Mopat RANGES AND MID-POINTS IN MILLIMETRES FOR THE FIVE TESTS; 
EUROPEAN AND NON-EUROPEAN SUBJECTS COMPARED 


YELLOW- 


"O ORANGE + YELLOW- GREEN- 
RED“GREEN BLUE-GREEN BLUE ENG PURPLE 
Mid- | Modal| Mid-| Modal Mid-| Modal Mid- | Modal| Mid- | Modal 
ý Point | Range | Point| Range | Point) Range | Point | Range | Point | Range 
Eea | | 
Whites | , | 
Uro- | 21-38 o's lesar 1'0 |21'40| 1'5 14°93 | 0'5 19°45) 0'5 
pean) H 
! 
Non- 
Euro- 21°85] os |13-33| 15 | 22°48) 3'5 14°98 | tro | 19°63] ro 
Peans | t 


are not significant for the red-green or purple-green tests, but for 
the other three tests they are well above the 1% significance level, 
being most extreme for yellow-blue. It is interesting that in the red- 
8reen axis there should be no difference between the groups, while 
the difference is greatest in the yellow-blue axis and of a more 
moderate degree in the intermediate axes. This gives indirect 
Support to the view that the red-green and yellow-blue axes represent 
two difference modes of colour vision, which are independently 
variable from race to race. There is, however, no tendency for the 
non-European group to make more deviant colour matches in any 


of the tests than the European group. 


Since the difference of sensitivity lies in the yellow-blue axis, 


We might infer that it was due either to an hereditary weakness in 
Yellow-blue sensitivity (but not in red and green) affecting certain 
Tacial stocks, in this group mainly Indian and Negroid, or to the 
eect of pigmentation filtering out certain light rays as they pass 
through the optical system, or to other causes, such as lack of skill 
in distinguishing colours or different naming habits. At present we 
are not in a position to decide definitely between these possibilities. 
The tests used are, however, independent of naming, and, as shown 
in a previous section, art students, who have special practice in 
distinguishing and matching hues, are no better at the tests than the 
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rest of the population, excluding the colour blind. ‘These two 
possibilities may be ruled out, therefore, at least provisionally. 
The theory that the difference is due to pigmentation of the 
optical system acting as a colour filter would seem improbable, though 
it might be a part explanation. The yellow pigmentation absorbs 
fairly heavily in the violet and blue parts of the spectrum and to some 
extent as far as green. Blue weaknesses owing purely to this cause 
would therefore always be strongly associated with darkened violet, 
but this expectation is not fulfilled, though there is a small tendency 
for darkening of blue when it is deficient. Yellow weaknesses would 
be explained by relative lack of yellow pigment, which intensified 
blue against yellow. The dark peoples tested, however, as often show 


yellow as blue weaknesses, and not only blue and yellow deviations 
but also blue-yellow matchi: 


be accounted for, and, 


blue minor defects are 
stocks, resulting from 
ys, explained only to a 
optical system. In the 


iarity, and sug- 
of Negro racial 


t their yellow-blue 
oked, improbable though it seems. It 
ting if groups of at least 100 subjects 
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FACTORIAL ANALYSIS,°:1°* 


The table of intercorrelations between the measurements of 
“ colour weakness ” for the subjects who fell into the random sample, 
men and women together, excluding the red-green blind and anoma- 
lous subjects, was factorised by the simple summation method. 
Three factors were extracted and the loadings for these are shown 
in Table 64. 
TABLE 64 


Factor Loapincs FOR THE TEN COLOURS TESTED: GREEN (P) BEING THE 
SPECTRUM GREEN TESTED IN COMBINATION WITH PURPLE; 
BRIGHTNESS LOADINGS SUBSEQUENTLY GRAFTED 


TEST FACTOR 
I 1 u 

Purple 335 "42400519 
Red 136 +663 —'281 
Orange ‘136 +613 + +378 
Yellow “443. —'200 +189 
Y-Green "143 +515 +1430 
Green (P) ‘359 —'342 +490 
Green 363 —'554 +353 
B-Green ‘406 —'524 —'320 
Blue Gn e 7a 834 
Violet -288 —*522 — 386 
Brightness 171 —'074 —'244 


It is worth mentioning that the table of intercorrelations con- 
tained many negatives, and had a bipolar hierarchy before the first or 
general factor was extracted. The factor loadings in Table 64. show 
that the general factor is much smaller than usually found in factorial 
analysis, and this corresponds to the presence of many negative cor- 
relations and to the greater weight of the second and third factors. 

he negative loadings, as in previous correlation tables, resulted 
from the frequent tendency of deviations to outweigh matching 
ranges, especially in the red-green test. This tendency expresses the 
way in which certain colours are balanced against each other: red 
against green and yellow against blue. Red is in general much more 
finely balanced against green for normal subjects than yellow is 
against blue, and in consequence red-green tests are much easier to 
do than yellow-blue tests. This is clearly represented in the factorial 


* The writer is greatly indebted to Professor Sir Cyril Burt for his help with 


this part of the work. 
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analysis, because the red-green factor is the first bipolar and the 
yellow-blue the second: their relative weight in colour vision is 
indicated by their order in the analysis. 

It is perhaps necessary to say that the measurements inter- 
correlated were all taken, as in previous experiments, from the 
mean matching point to the point at which the subject just dis- 
tinguished (or just failed to distinguish) the colour tested from the 
standard. The brightness measurements, as before, were readings 
of the shutter on the standard side of the colorimeter, taken when the 
variable was matched in brightness with the standard at the point 
of average colour matching for the whole group. This was therefore 
a colour match as well for the majority and made brightness match- 
ing more reliable. In some of the tests the right shutter was used to 
control brightness. For these its readings were converted algebraic- 
ally into virtual readings for the left shutter. In each case two colours 
were involved in each brightness measurement, as explained in a 


previous chapter, and therefore the effect of the unwanted colour was 
partialled out of each brightness correlation, 
The factorial analysis su: 


Factor I expresses general abilit 


ability. Greens and 
than violet. Brightn 
which is, neverthele 


lour vision is affected by 
green sensitivities. Red 


green. It would have been easier to under- 
= should have a small negative loading, 
Lr san elow, and violet a small ositive loading, 
Placing it with the “red” rather than with the tien ” group: 
Brightness has a negligible correlation with this factor. 


» 
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Factor III shows the effect of variations in the balance between 
yellow and blue sensitivities. The loadings on this factor are rather 
irregular, and yellow has an unexpectedly small loading, while that 
for blue is not so high as for violet and purple. While the factor 
might suggest a yellow-green and violet contrast, rather than yellow 
and blue, the probable error for 192 subjects is rather high for any 
confidence to be placed on small differences between factor loadings 
in a third factor, and these loadings will be unduly affected by errors. 
In general the third factor suggests the contrast of yellows against 
blues. Brightness is correlated with the blue side of this factor, 
which confirms the frequently made observation that changes towards 
blue tend to be confused with darkening and changes towards 
yellow with brightening of the variable in the yellow-blue tests. 
Brightness, however, is not closely related to any measures of colour 
Sensitivity. 

It is striking that this factorial analysis confirms the expectations 
based on a four-colour type of theory in which there are balanced 
Opposites, and it puts into a generalised mathematical form the 
Peculiarities of individual subjects. In discussing these results it is 
important to bear in mind that no colour blind or anomalous subjects 
were included. The factorial analysis shown in Table 64 expresses 
the variation in sensitivity of normal, colour weak and deviant 
Subjects, If the usual proportion, about 7% of red-green blind 
subjects were included in the correlation table, their readings 
would be so extreme in comparison with those of the remainder, 
that the negative correlations for red and green would be converted 
into positive correlations of equal magnitude. It is obvious, there- 
fore, that correlations obtained from combining such disparate 
groups would be meaningless figures, and the groups must be 
Separated. The factorial analysis for the colour blind and anomalous 
Subjects will be discussed in the next chapter. 

Among normal, colour weak and deviant subjects, therefore, we 
May say that the most common special disability is a disturbance 
of the red-green balance, giving red or green deviation, scarcely 
affecting brightness at all, and in which one colour is diminished 
to the advantage of the other. A less prominent form of special 
disability is the disturbance of balance between yellow and blue, in 
which, again, one is diminished to the advantage of the other, but 

ere there is a tendency for loss of blue sensitivity to correspond to 
loss of brightness but no such tendency for yellow. The general 
factor expresses variation in sensitivity in so far as it is not affected 
by loss of saturation or hue, while the first bipolar factor expresses 
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losses in red (or green) which are balanced by gains in green (or red), 
and the second bipolar expresses losses in yellow (or blue) which are 
balanced by gains in blue (or yellow). This factorial analysis, 
therefore, precisely summarises, in a generalised form, what could 
have been predicted from a study of the individuals who did the 
experiment, and it does not tell us anything new about colour vision, 
except that it gives an exact quantitative expression to the average 
tendencies revealed. The value of factorial analysis is therefore 
the same here as the value of statistical analysis in any other psycho- 
logical study: it clarifies what we know, formulates it precisely in 
quantitative terms and enables us to distinguish clearly between the 
tendencies operating in the data we examine. It enables us to inter- 
pret data with some confidence, when mere inspection might have 
led to confusion. 

The first two factors might with difficulty have been made to 
support a three-colour theory. The first could be said to express 


blue sensitivities, the second red and green. If the third factor is 
taken into account, however, a three-colo 


ly difficult and it cannot be neglected. 


Burt* has published a similar table derived from intercorrelations 
of measurements of Sensitivity to nine colours. His results were 
published after the MS. of this chapter was written, Altogether 
he had 227 subjects, and the experiments were carried out with 
rotating disks and other methods which he does not fully describe, 
but which would involve the use of polychromatic colours. It is not 
stated what technique was used for desaturating the colours tested, 
and the psycho-physical methods which were used are not specified. 
No precautions were taken to separate the red-green blind and 


ur theory becomes extreme- 


TABLE 65 
Burt’s Factor SATURATIONS ror a Test or Nine Corours oN 227 
SUBJECTS 
Colour Factor I Factor II Factor III 
Crimson ‘331 +175 +351 
Red 473 +613 —:264 
Orange ‘501 +274 908 
Yellow 769 +229 —"145 
Y-Green 478 —"299 —"230 
Green “520 —-492 — +288 
— "259 —:473 -+017 
ue 384 "057 “501 
Violet il 73 


363 +130 +371 


” 
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anomalous subjects from the rest of the population. The simple 
summation method of factorial analysis gave the factor saturations 
shown in Table 65. Burt points out that this table of saturations 
_confirms expectations based on a four-colour theory of the Hering 
type. However, a modification of these figures by rotation to elimin- 
ate negative saturations as far as possible, gave the result shown in 
Table 66. This table would support a three-colour theory of the 
Young-Helmholtz type more strongly than a four-colour theory 
of the Hering type. It is striking that the same results can be analysed 
to support either kind of theory. 


TABLE 66 


Burr’s FACTOR SATURATIONS FOR A NINE-COLOUR TEST ON 227 SUBJECTS, 
Group Facror METHOD WITH ROTATION 


Colour Factor I Factor II Factor III Factor IV 


Crimson “149 1245 —*103 “427 
Red ‘121 -821 —'134 —-094 
Orange "221 +580 “161 151 
Yellow -342 -689 +265 176 
Y-Green 025 -248 “574 078 
Green +082 +127 "751 *053 
B-Green "172 —"149 “474 +137 
Blue -389 —+040 “ogi +520 
Violet -194 -158 —-ob1 -455 


group factor analysis, 


An alternative interpretation of Burt’s s 
four-colour theory, if 


however, would appear still to support a i 
we carefully consider the analysis in terms of what is known of 
colour vision. The first, or general factor, in his group factor analysis 
18 a yellow and blue factor, but not bipolar. It represents the varia- 
tions of yellow and blue sensitivity in so far as these variations 
are inseparable. The second is a red factor; the third green and 
the fourth blue. The fourth factor shows the variations of blue in so 
far as they are not inseparable from those of yellow. Burt himself 
treats the first factor in the way mentioned above in part of his dis- 
cussion. 
ccord well with what is shown of 
iations of colour vision elsewhere in this book, namely, that in 
the four-colour scheme yellow and blue have a considerable tendency 
to vary together while red and green are very strongly inclined to 
wary, inversely—in subjects who are not colour blind. In other words 
H 


This interpretation would a 
Var 
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yellow-blue vision is much more prone to increase of matching range 
and less liable to deviations than is red-green vision. Thus Burt’s 
group factor analysis actually accords very closely with the real state 
of affairs in a four-colour process. 

Whatever may be said about the group factor analysis, it is a 
strong confirmation of the general results of the nine-colour experi- 
ment with monochromatic filters and purple, reported in this 
chapter, that Burt should have obtained a table of simple summation 
factor saturations essentially the same, but resulting from the use of 
completely different tests. It is interesting to note that in his table 
of intercorrelations for nine colours there are only three negatives, 
whereas in the table of intercorrelations for the ten colours (green 
appearing twice) used in the experiment reported in this chapter, 
there are fifteen negatives. This difference would correspond to the 
differences in technique. If Burt’s measurements were made by 
desaturating colours with grey, which seems probable, the influence 
of deviations (so characteristic of the Rayleigh Equation) would not 
be prominent in his results. His experiment therefore helps to meet 
a criticism of the experiment reported in this chapter, namely, that 
the weight of the bipolar factors might have been due tothe technique 
- experimenting. Since in his analysis the weight of the bipolar 
T iey Has greater relatively to that of the general factor 

In factorial analysis, this unexpected distribution of 


Joadings between the factors in the nine-colour experiment cannot 
e explained as due to the technique employed. 


Chapter 7 


Tue “ Nrine-CoLour”’ EXPERIMENT: COLOUR-BLIND AND 
ANOMALOUS SUBJECTS 


In this chapter an account will be given of the defects of colour vision 
in the colour blind and anomalous subjects who did the nine-colour 
experiment. Of the 20 red-green blind men in this series, 2 were 
found by chance and 18 were invited because they were known 
to be defectives. Of the 9 green anomalous men all were invited. 
Of the 3 red anomalous men 1 was found by chance and 2 were 
Invited. Of the 3 red-green blind women all were invited, and of 
the 2 green anomalous women 1 was invited and 1 found by chance. 
Twenty-six women who were known to have red-green blind 
relatives did the experiment. 

The four classes : (1) Protanope, (2) Deuteranope, (3) Green 
anomalous and (4).Red anomalous, are again found to be clear 
and natural groupings which neither run into each other nor into 
the other groups of normal, deviant and colour-weak subjects. 
There are four separate curves corresponding to these four main 
types of red-green defectives. The general nature of colour blindness, 
as described in a previous chapter, was fully confirmed in this 
experiment and will not be repeated in detail here. Certain deuteran- 
Opes fail or almost fail to accept the normal mid-matching point on 
the green side, These will be called deviant or anomalous deuteran- 
pes. A proportion of the red anomalous subjects do not have the 
ted end of the spectrum darkened. Both of these types of defectives 


will be discussed more fully in later chapters. 


RED-GREEN DEFECTIVES AS A GROUP 


_ Diagram XXI shows the matching ranges of the 23 red-green 

hind, I1 green anomalous and 3 red anomalous subjects who did the 
Nine-colour experiment. It will be seen that the colour-blind subjects 
form one large group together, the green anomalous form a smaller 
8toup in the upper right-hand part of the diagram, and the red 
anomalous a much smaller group to the left. There is no distinction 
between Protanopes and deuteranopes so far as range and deviation 


209 
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are concerned. Those with darkened red tend to have red deviations 
to a small extent, but those with red of normal brightness do not 
consistently have green deviations. 

The diagram shows that the red-green blind are very variable 
in range and deviation, and that there are no clear intermediates 
between the moderately colour blind and the anomalous. It shows 
the coherent nature of the two groups of anomalous subjects, and the 
wide gap between them. If we added the appropriate number of 
normal subjects (together with the deviants and colour weak), they 
would form a very large group of about 300, with ranges mostly 
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Diagram XXI. Nine-Colour Experiment: 37 Major Defectives in the R-G Test 


smaller than those of the anomalous, but with much smaller devia- 
tions, and concentrated int. 


© a narrow column running up the norma 
centre line marked “ NN ” ee 
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Soap cao Filter, for the seven protanopes who did this experiment, 
n be compared with the normal brightness of the same red in the 
deuteranopes, in terms of the left-hand shutter readings for a bright- 
a match of the two spots of light when the right slide was at zero 
oe . to say, pure red). The average left-hand shutter reading for 
feo eh protanopes under these conditions was 8-6 mm., ranging 
6 wn ant to 10°0 mm. The average for the sixteen deuteran- 
experime fe ee frorn Isam, TOBBET Hencejthis 
A presents no difficulty in distinguishing protanopes and 
oe opes, and these two groups do not tend to run into each 


“Dark” AND “ Fair” 
aie 4 he group of 37 red-green blind and anomalous subjects was 
ths i ivided into “dark” and “ fair ” in the same way as described in 
capes ne chapter for the normal, colour weak and deviant 
jects. Table 67 shows the frequencies of “ dark ” and “ fair” 


TABLE 67 


P r 
ROPORTIONS or “DARK” AND “FAIR” AMONG Rep-GREEN DEFECTIVES 
AND Norma SUBJECTS 


“Dark? “Fair” 
Normal, Deviant, Colour Weak 58 112 
Red-Green Defectives sA 12 25 


am . . . 
ong the red-green defectives. compared with the frequencies 
ho did the same experiment, 


ce oe non-defective individuals w rime 
forspe 1g any from the non-defective group who had been invited 
the ee reasons. If this group of 170 is taken as fairly representing 
then re e population from which the defective subjects were drawn, 
defect € proportions of “ dark” and “ fair” among the red-green 
the nis do not differ significantly from their proportions among 
to be € population. There is no tendency for red-green defectives 
the pr Bea often “ dark ” or “ fair ” than any other subjects. When 
in e Sar magnitude of their defects in colour vision is considered 
that a e e with the colour vision of ordinary subjects, it is clear 
Hedin tendency for pigmentation to be associated with red-green 
Such esses should be brought out very emphatically by a comparison 
as this, but no such tendency was found. 
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THE ISHIHARA TEST 


Twenty-two of the major red-green defectives who did the op 
colour experiment also did the Ishihara Test, and the results o. 
this are shown in Table 68. It will be seen that the number of errors 
made on the Ishihara Test does not distinguish either between 
extreme and moderate protanopes, extreme and moderate deuteran- 
opes, or between any of these defectives and the red or green anoma- 
lous. All made twenty errors or more. In other words, where clear 


distinctions can be made with the anomaloscope, no clear distinctions 
can be made with the Ishihara Test. 


TABLE 68 


ISHIHARA TEST RESULTS OF Major Rep-Green DEFECTIVES IN ‘THE NINE- 
COLOUR EXPERIMENT 


Errors on Darkening of Red : 
Number — Ishihara Decisive  Indecisive 


Protanopes: Moderate 2 20, 24 2 o 
Extreme 2 24 2 o 

Deuteranopes : Moderate 6 20—24 4 2 
Extreme 3 24 3 Q 

Green Anomalous : 6 21—24 2 4 
Red Anom : Red Normal I 24 o r 
Red Dark 2 22, 24 I 1 


Similarly, the di 
between red and 


protanopes from deuteranopes į 


ject’s red was darkened or normal, 
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the simple summation method of Burt. A general factor was extracted 
first, followed by two bipolar factors. The factorial analysis of such 
tables is open to criticism, because the number of red-green blind 
subjects was only 23, of green anomalous only g and of red anomalous 
no more than 3. However, the difficulty of getting larger numbers of 
defective subjects to do these experiments is so great that it seemed 
to justify as complete an analysis as possible of such results as were 
available. In fact, no more red anomalous subjects were found for 
two years of regular testing in which more than 400 men and women 
were examined. In addition, the three groups, though small, were 
relatively coherent and distinct from each other and from the normal 
group, and the results of the analysis might be taken provisionally 
as representative, though not statistically significant in the usual 
sense. Under these conditions it is the general pattern revealed by 
the factorial analysis which is of interest, while small quantitative 
differences between the loadings are not important. Therefore the 
results must be viewed as applying strictly to the small groups 
actually tested, and as suggesting in general what might be expected 
from larger groups of a similar kind, and when viewed in this way 
they do throw light upon the problems of normal and abnormal 
colour vision. The factors given are all approximate. 

The factorial analysis of the intercorrelations for normal, 
deviant and colour-weak subjects gave a general factor in which 
blue was most heavily loaded, followed by a bipolar factor in which 
Purple, red, orange and yellow-green were set off against yellow, 
reen, blue-green, blue and violet. 
_ For the red-green blind subjects there was a general factor 
in which all colour sensitivities were very evenly loaded. This is 
shown in Table 69. The first bipolar, however, was now a yellow- 

lue factor, contrasting red, purple, violet, blue and blue-green- 
against orange, yellow, yellow-green and green. Blue-green had the 

eaviest positive and yellow the heaviest negative loading. The second 
bipolar, however, was a red-green factor, in which red and green 
Were combined so that they were contrasted as co-variants with 
yellow-blue sensitivity. For the red-green blind subjects red and 
Steen sensitivities are greatly diminished in contrast to each other 
In comparison with their relationship in normal colour vision, and 
ìt is striking that the factorial analysis reduced their combined 
effect to one polarity without including yellow, which goes into the 
OPposite polarity with blue. On either the Young-Helmholtz or the 

add-Franklin theory no such result would be expected, but red and 
Breen would be expected to combine with yellow and be set off 
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against blue in the colour blind. This factorial analysis therefore 
strongly supports the view that red-green blind subjects are not 
“ dichromatic ” except in appearance when very defective. They are 
still in reality “ tetra-chromatic ”, but in some way have lost the con- 
trast of red and green. This could be explained by Houstoun’s theory, 
on which the red-green responses still remain in the colour blind, but 


TABLE 69 


Factor LOADINGS For 23 RED-GREEN BLIND SUBJECTS IN THE NINE- 
COLOUR EXPERIMENT; BRIGHTNESS Loapincs GRAFTED 


Colour Factor Loadings 

Tested I if III 
Purple ‘522 +123 —-276 
Red s555 +106 — 708 
Orange 546 —'oo2 —-461 
Yellow "424. —:570 +294 
Y-Green 539 —'042 +544 
Green-P "503 —40} +030 
Green 254 —:253 — -582 
B-Green “541 +639 ++104 
Blue +361 +:371 +691 
Violet 338 -383 +313 
Brightness 424 +635 = —-026 


have ceased to be in contrast owing to the tendency of both red and 
green rays to excite both types of response together, while yellow 
also remains an independent response. This interpretation is con- 
firmed by the second factor in the analysis, which sets off yellows 
against blues. It is essentially the same yellow-blue factor which 
was found in normal subjects, in whom it appeared third, and this 
change in order of appearance of the factors accords fully with general 
knowledge that red-green blind subjects are not abnormal in yellows 
and blues, which form the predominant colour contrasts for them. 
For normal subjects the predominant colour contrasts are between 
reds and greens. For the red-green blind subjects brightness is 


chiefiy correlated with the general factor and with the blue side of 
the yellow-blue factor. 


The analysis of intercorrelations fo 
is shown in Table 70. It gave a gener: 


s and yellows, because orange, 
Positive loadings while blue, 
negative. It is important that 
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the blue-yellow factor was second and not third for these subjects. 
This stresses its increased significance for their vision in comparison 
with the predominant importance of the red-green factor among the 
normal. The third factor for the green anomalous contrasted 
orange, red, purple, violet and blue against blue-green, green, 
yellow-green and yellow. This can be called a red-green factor, 
although the loadings are somewhat irregularly distributed, which is 
not surprising with so small a number as nine subjects. It may be a 
form of the red-green factor of the normals distorted by chance 


TABLE 70 


FACTOR LOADINGS FOR NINE GREEN ANOMALOUS SUBJECTS IN THE NINE- 
COLOUR EXPERIMENT; BRIGHTNESS LOADINGS GRAFTED 


i Colour Factor Loadings 

Tested f II III 
Purple 395 —"162 +°332 
Red 257 —"190 +158 
Orange 352, +423 +548 
Yellow ‘90 +546 —'179 
Y-Green ‘167 +°539 —'332 
Green-P ‘544 +533 —'164 
Green ‘590 +105 —'540 
B-Green “120 —'699 —*570 
Blue +043 —-682 +170 
Violet ‘525 =~ — "413 ++567 
Brightness "774. +1093 —"535 


errors. The important point, however, is that the first bipolar is a 
yellow-blue factor for the green anomalous as well as for the red-green 
blind. 

Table 71 shows the factorial analysis for red anomalous subjects. 
The usual technique was followed, without reversals for the first 
or general factor, and in this red has a negative loading, and unless 
it is interpreted as a result of chance errors, this must be viewed as a 
specific disability for red. Since only about 7% or 8% of red-green 
major defectives are red anomalous there is little hope of a difficulty 
of this kind being settled without special steps being taken to collect 
about fifty red-anomalous subjects. At the rate of progress of the 
writer’s research at the time of writing this would take about forty 
years or more. Since there were only three red-anomalous subjects, 
and one of them was peculiar in having a tendency to confuse purple 


H* 
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with green, the irregularity of the loadings probably reflects his 
peculiarity and must be viewed as unimportant for the purpose of 
general inferences. The second factor contrasted orange, yellow, 
yellow-green and green with blue-green, blue, violet, purple and red, 
and is a blue-yellow factor. The third factor contrasted violet, 
purple, red, orange and yellow with yellow-green, green, blue-green 
and blue, and must be viewed as a red-green factor. Thus both the 


TABLE 71 


Factor Loapincs ror THREE Rep ANOMALOUS SUBJECTS IN THE NINE- 
COLOUR EXPERIMENT; BRIGHTNESS LOADINGS GRAFTED 


Colour Factor Loadings 

Tested T II III 
Purple +003 —'279  —'238 P 
Red —:473 —'287 —:569 
Orange +323 «181  —:499 
Yeliow +517 +655 —:349 
Y-Green +024 +328 +505 
Green-P —='oor +324 +511 
Green +795 +514 +p 
B-Green +016  —-557 +387 
Blue +443 "478 +035 
Violet — t002 —'40I —-219 
Brightness +228 —333 —'219 


green and red anomalous, as well as the red-green blind subjects, 
have a predominant yellow-blue factor, after the general factor has 
been extracted, while the red-green factor predominated for the 
normal subjects. In the green anomalous the green side of the red- 
green factor includes all colours from blue to yellow, whereas in the 
red-anomalous it includes all from blue to yellow-green, and for 
normal subjects it includes colours from violet to yellow. In the 
red-anomalous subjects brightness is positively correlated with the 
general factor, and with the red side of the red-green factor and with 
the blue side of the blue-yellow factor (as a negative). 

The essential contrasts between these different types of subjects 
may be expressed by saying that red-green blind subjects differ 
widely from normals in the second bipolar factor, which for them 
contrasts red-green vision against blue-yellow vision, instead of 
being a first bipolar and contrasting red with green. In consequence 
they also differ in the predominance of yellow-blue vision, which 


” 
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comes out in the first instead of the second bipolar. Both types of 
anomalous subjects also give this yellow-blue factor second instead 
of third, and so it dominates red-green vision in all red-green defect- 
ives. The red anomalous are peculiar in showing red as a special 
disability in the general factor. The peculiarities of the red-green 
blind are therefore the combination of red and green in the same 
polarity as co-variants against yellow and blue, and the predominance 
of the yellow-blue factor; the peculiarity of the green anomalous 
lies in the predominance of the yellow-blue over the red-green 
factor; the peculiarities of the red anomalous lie in the special 
disability in red in the general factor and in the predominance of the 
yellow-blue factor over the factor for red and green. 

These interpretations confirm the view that certain red anomalous 
subjects are not quite symmetrically opposite to the green anomalous 
in the nature of their defects. While both have strengthened yellow- 
blue and weakened red-green vision, like the red-green blind, certain 
red anomalous have a special deficiency in red, although the green 
anomalous never have a corresponding special deficiency in green. 
The special peculiarity of the red-green blind is the functioning of 
red and green as co-variants, which is, of course, simply a mathe- 
matical way of saying that they are colour blind. 

Factorial analysis of the intercorrelations for red-green blind 
subjects confirms the Hering-Houstoun theory against other colour- 
vision theories. That of the anomalous subjects is not explicable 
on the Young-Helmholtz theory or on Ladd-Franklin’s theory, but 
could be explained on the Houstoun theory in the following way: 
For both red and green anomalous the whole system of red-green 
vision is dominated by the greater importance of yellow-blue vision. 
In certain red anomalous there is a special deficiency in red (although 
1n one out of the three subjects red was not darkened), and the red- 
green axis really lies in the direction of red and green, whereas for 
the green anomalous it lies more in the direction of yellow-green and 
purple. It may be the directions of these axes which determine 
whether a subject is red or green anomalous rather than special 
defect in any given colour, but if the specific defect in red found in 
some red anomalous were confirmed by subsequent experiments, 
then this would appear to be an important characteristic. In so 
far as both types of anomalous subjects show a clear bipolarity of 
red-green vision, they are sensitive to differences between red and 
green, just like normal subjects, but in different ways. In so far as 
ae both show predominance of yellow-blue over red-green Vision, 

may be described as red-green defectives, though their kind 
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of red-green defect is different from that of the red-green blind, who 
confuse these colours and do not show the characteristic bipolarity 
in sensitivity to them. Thus, in the red anomalous the point of 
change over from red to green in the red-green axis is deviated 
strongly to the red side, and in the green anomalous to the green 
side, and in addition the directions of these axes are different. In 
the red-green blind the “ point ” of change is extended into a greatly 
exaggerated threshold, so that in the worst cases the distinction or 
bipolarity of red and green is altogether lost, and in the moderate 
cases it is vastly weakened. No other theory could account for these 
facts as adequately as that of Houstoun. 

It is an important point that for the red-green blind subjects 
red and green were positively correlated and appeared as co-variants 
in the second bipolar factor. This shows that the negative correlations 
for colour weaknesses were not produced purely by the technique 
of testing colours in pairs of opposites or complementaries. Where 
this technique is employed and colour vision is normal or anomalous, 
strong negative correlations appear, and result in heavy weightings in 
the appropriate bipolar factors. With the same technique, but with 
the highly abnormal vision of red-green blind subjects, the correlations 


are positive although the colours correlated are still measured as 
opposites. Hence it is le 


gitimate to infer that the nature of colour 
vision rather than the fi 


orm or technique of the test produces the 
negative correlations where they do appear. 


ANALYSIS OF COMBINED CORRELATIONS 


In order to make the best possible use of the data, combined inter- 
correlations were calculated by Fisher’s “z” technique for all the 
tests of red, yellow, green, blue and their brightness levels so far 
reported. These were then factorised approximately by the simple 
summation method, with the results shown in Table 72 for normal 
and in Table 73 for red-green blind subjects. The factor loadings 
serve to substantiate the patterns found in the nine-colour experi- 
ment. Normal subjects show a general factor, followed by a red 
versus green and then by a yellow versus blue factor. Colour-blind 
subjects show a general factor followed by a blue vers 


us yellow and 
then by a red-green versus blue-+yellow factor. It is interesting 
that these results should be obtained in spite of the several different 
techniques, and the various coloured Papers, and polychromatic and 
monochromatic filters which were used, but combined results of 


different tests have generally been avoided in this research. 


THE “ NINE-COLOUR ° EXPERIMENT 219 


Motokawa’s work on the recovery of electrical excitability of the 
eye following stimulation of the retina with monochromatic lights,® 4 
gives strong support to the view that yellow is based on an indepen- 
dent receptor process, but he found that the green process was 
specially weak in certain deuteranomalous subjects, and missing in 


TABLE 72 


FACTOR Loapincs FOR COMBINED INTERCORRELATIONS: NORMAL 
SUBJECTS, 520 FOR COLOUR AND 402 FOR BRIGHTNESS 


Colour or Factor Loadings 

Brightness i I III 
Red ‘165 +496 +404 
Yellow sai —416 +478 
Green “107, — "539 —+426 
Blue "194. "411 —"542 
Brightness 252 +148 +096 


a deuteranope, while the red process could not be found in a prota- 
nope. More detailed statistical data would be necessary, showing the 
variability of the retinal processes among numerous subjects of 
different types, before his conclusions could be related clearly to the 
results of the present research. Factorisations give generalised 


TABLE 73 


Factor Loapincs ror COMBINED INTERCORRELATIONS: RED-GREEN 
BLIND SUBJECTS, 61 FOR COLOUR AND 42 FOR BRIGHTNESS 


Colour or Factor Loadings 

Brightness I II III 
Red 638  —'398  —'105 
Yellow ‘544 —'471 +288 
Green "544  —133 —'266 
Blue “449 + +628 +194 
Brightness -486 +364 —126 


results of many subjects taken together. Motokawa’s observations 
apply to particular individuals whose relationships to the norms are 
not known. He points out, however, that in some deuteranopes a 
rudimentary green process was found, and suggests that his method 
might prove to be useful in measuring the magnitude of the defects 
of different subjects. 
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BRIGHTNESS LEVELS 


Table 74 summarises the correlations between brightness levels 
and the various factors in the experiments reported up to this stage. 
It appears that brightness level correlates positively with the general 
factor throughout, and apart from this its most marked correlations 
are with the green side of the red-green factors and with the blue 


TABLE 74 
CORRELATIONS BETWEEN BRIGHTNESS LEVELS AND COLOUR 
FACTORS 
Tests SUBJECTS CORRELATIONS WITH FACTORS 
Com- General -Red Green Yellow Blue 
bined Normal +252 +148 — +096 == 
Tests R-G blind +486 $ +126 2 +364 
Nine- Normal +- 171 = re _ 2, 
Colour R-G blind +424 +-+026 meet = tee 
Tests R-Anom. +-228 +-219 = — ++333 


G-Anom. +774 = +535 +7093 p 
side of the blue-yellow factors. This fully accords with the following 
general observations : when red loses saturation, owing to red-green 
defect, except for protanopes and some red anomalous subjects, it 
tends to be confused with a relatively bright orange or yellow; 
when yellow loses saturation, again, it does not tend to lose brightness, 
but becomes confused with a bright grey or dull white; green, 
however, tends to be confused with greys on a rather lower level 
of brightness for the green anomalous; finally, when blue loses 
saturation it is darkened and tends to be confused with dark grey 
or black. These observations might accord with Hering’s theory. 
From the point of view of colour vision theories this is very inter- 
esting. Brightness level must be determined mainly by general 
sensitivity to light, apart from differential sensitivities to particular 
hues. This is shown by its consistent Positive correlations with the 
general factors. It leads to the inference that there must be a special 
set of responses to brightness, and that these are possibly the same as 
the responses to light in general apart from colour. Indeed, it might 
be found that the general factor represents a combination of bright- 
ness discrimination and of the composite ability to carry out the tests 
according to the instructions given. In addition brightness is partly 
determined by all four types of colour response : red and yellow 
Carry positive contributions to brightness, and green and more 
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particularly blue add to brightness when they are saturated, but dimin- 
ish it when they lose saturation owing to defect of hue sensitivity. For 
protanopes, however, loss of sensitivity to red reduces brightness, 
but not for deuteranopes. 

The most important relationship of brightness is with general 
sensitivity to light. This could be explained in terms of a special 
brightness determining system, as in Hering’s theory, which might 
be bipolar, as he suggested, but is perhaps more likely to be unipolar. 
The apparently bipolar nature of black-white vision is found in 
the well-known phenomena: (a) simultaneous and successive 
brightness contrasts; (b) the intermediate dark grey or “ self-light ” 
of the unstimulated retina; (c) the intense positive sensation of 
blackness which occurs when retinal stimulation is suddenly cut 
off and which rapidly gives way to the familiar mid-grey; (d) the 
Opposite phenomenon of intense brightness which occurs when 
retinal stimulation suddenly replaces absence of stimulation, and 
which, again, rapidly reverts to an experience of moderate intensity. 
It is not possible to stimulate the retina with “ pure ” white, grey 
or black, as no such light rays exist. The physical stimuli correspond- 
ing to white and grey must be composite. The extremest black and 
white experiences might be responses to situations, in the Gestalt 
Sense, rather than to simple stimuli, because they are only produced 
as contrast effects. The bipolarity of the black-grey-white series 
might therefore be reduced to a monopolarity of stimulus and res- 
ponse, in which the presence of mixed light rays (or of rays unmixed 
but not differentiated for hue by the receptors) was the positive stim- 
ulus, and in which the absence of the stimulus corresponded to 
darkness, or no sensation. Then the intrinsic or self-light of the 
retina, the mid-grey which was the neutral position of Hering’s 
bipolar black-grey-white series, might be due to the relatively 
infrequent and spontaneous discharges of red, green, yellow, blue 
and brightness receptors in approximately equal numbers. 


INTERPRETATION OF THE FACTORS 


In view of the interesting part factorial analysis has played in 
the foregoing discussion, it may be worth while to make some 
further observations on the nature of this statistical method and on 
the status of the factors revealed. Burt has pointed out to me that 
“ a factor-analysis as such is merely a mathematical device for reduc- 
ing a given table of correlations to a standard form, i.e., to a form 
in which the correlations relate, not to correlated tests, but to 
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uncorrelated factors, the uncorrelated factors being extracted in 
order of their contribution to the variance ”. 

In non-mathematical language it may be said that factorial 
analysis is simply a method of reducing a complex table, the figures 
in which express the inter-relationships of a given group of tests, 
measurements or observations, to terms simple enough to be inter- 
preted. It enables us to see and grasp clearly the essential trends of 
influence in our experimental results, and is a step towards eliminat- 
ing the unessential, and drawing conclusions of a generalised charac- 
ter. These are dependent upon and must be relevant to the nature of 
the experiments or tests with which we started. Factorial analysis 
will not produce definite results by magic out of an inefficient or 
incompetent experiment or test, nor does it conjure up realities which 
are independent of ordinary methods of experiment, observation and 
inference. It inevitably eliminates all individual peculiarities, which 
are none the less important for scientific psychology. 

The factors found in the analysis of the results discussed here must 
be interpreted in terms of the problems to be solved and of the 
experiments designed to throw light upon them. A general factor 
was found for each table of correlations, This represents the ability 
of the subjects, on the average, to do the tests, when variations of 
sensitivity to hue are excluded, and such an ability, though it is 
independent as a factor in the analysis, may be highly complex as an, 
ability. The occurrence of any single and independent factor is not 


necessarily evidence that it is psychologically or physiologically 
ultimate and unanalysable. 


When the general factor has been eliminated, the remaining 
factors represent the subject’s ability to distinguish the colours 
employed in the tests. These abilities take the forms of red-green 
and yellow-blue bipolar processes or functions, except for the 
red-green blind subjects. In the normal the red-green factor con- 
tributes more to the total variance than the yellow-blue factor, but in 
all classes of red-green defectives the yellow-blue factor contributes 
more. This fully accords with the general observation mentioned 
on previous pages, that for normal subjects the distinction of red 
and green is much sharper than that of yellow and blue, and domin- 
ates colour discrimination. For red-green defectives it is well known 
that the yellow-blue distinction is dominant, and this observation 
has led to their being called “ dichromatic ”, though in fact very 
few of them are strictly limited in this way. For the red-green blind, 
these two colours are combined against blue and yellow in the second 
or minor bipolar factor, This shows that the red-green functions are 
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not lost for them, as the upholders of the Young-Helmholtz theory 
have often claimed, but are working together rather than as an 
opposed pair. 

It is important that the order of the bipolar factors should 
vary according to known variations in the nature of colour vision. 
The number of normal subjects tested was perhaps not sufficient for 
confident inference of a second bipolar factor; of anomalous and 
colour-blind subjects the number was certainly not sufficient accord- 
ing to ordinary statistical standards. The groups of subjects, however, 
were distinct from each other, and each was a coherent group in 
itself. Thus the factors extracted may be viewed as indicators, 
though not all statistically significant in the usual way. If it were 
doubted that the second bipolar, or yellow-blue factor of the normal 
subjects, was more than a sum of errors, then the consistent appear- 
ance of just such a factor as the first bipolar in the red-green defect- 
ives fits in admirably with the known differences in their colour vision 
from that of the normal subjects, and confirms the presence of a 
yellow-blue factor other than error in colour vision in general. It is 
the consistency and appropriateness of the patterns of factor loadings 
and their changes according to the nature of the defect which is of 
interest, rather than their actual weights. The presence of a clear 
yellow-blue factor in the red-green blind subjects, who are known to 
have good blue-yellow vision, and the characteristic form of the 


_ted-green factor for them, also confirms the view that yellow and 


blue are in the nature of a bipolar pattern in colour vision. In other 
words, the factorial analysis of the sensitivities of all these groups of 
subjects confirms what is known of colour vision and what might 
be expected on a theory such as that of Houstoun, and it throws 
additional light on the whole subject, because it makes the distinctions 
between the different groups of normal and abnormal subjects 
clearer than before. The analysis, however, is only a series of mathe- 
matical steps towards scientific inferences, and the factors revealed 
may be highly complex in psycho-physiological nature. Their 
detailed organisation still remains to be revealed by further work, and 
a hypothesis, such as that of Houstoun, serves as a guide along the 
path of scientific research. 


‘THE Over-LAPPING OF THE RECEPTOR SYSTEMS 


An interesting inference may be drawn from the factorial analyses 

of the results of the experiment just described. It may also be drawn, 
. 3 

though less definitely, from the four-colour tests mentioned in 
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previous chapters. In general, the bipolar factors tend to divide the 
colour circle into opposed halves. On the physical side, using the 
monochromatic filters, the only colour which includes any other 
colours to a marked extent is purple. The amount of over-lap in the 
transmission bands of the neighbouring spectrum colours is negli- 
gible, and in the bands of separated colours, such as blue and green, 
is non-existent. Thus we can say that large over-lap on the psycho- 
logical side corresponds to homogeneous light stimuli which do not 
over-lap on the physical side. The psycho-physical response “ red ” 
is stimulated by light ranging almost from blue to yellow, though 
principally by red light rays. Similarly, “ yellow ” is stimulated by 
light ranging almost from red to green; “green” by rays ranging 
almost from yellow to blue; and “ blue” by light rays ranging 
almost from green to red. Hering’s coloured diagram given by 

Myers,? which is modified in the Frontispiece of the present book, 
and which shows these over-lapping psycho-physical primaries, is 
justified by detailed research. 

On the psycho-physical side none can say what is the nature of 
g” or general intelligence, and most of the other unique functions 
found by factorial analysis, such as general emotionality or the 
aesthetic and technical factors in art appreciation’, have no strictly 
physical counterparts whatever. General intelligence is an ability or 
“faculty ” rather than a directly measurable object. In colour vision, 
however, although we do not know the intimate nature of the 
psycho-physical basis of sensitivity, we do know in precise detail 
the physical nature of their appropriate stimuli. This throws some 
useful light on the principles of factorial analysis, because in no 
case has it been necessary to rotate any of the factors in order to 
find an intelligible interpretation of them, They are readily inter- 
preted in their simple forms, and show a direct and obvious bearing 
upon the nature of the physical tests employed and on what was 
already known of colour vision and its defects in the subjects tested. 
Thus Burt is supported in his plea that rotation is not generally 
necessary in factorial analysis. It is remarkable that even the bright- 
ness levels were readily included in the factorial analysis, and their 
loadings corresponded with what was known from general inferences 
about brightness in relation to colour sensitivies. It sometimes 
appears as if violet were more likely to be a primary than blue, but 
the violet colour filter was the least monochromatic other than the 
purple, and included the blue to a certain extent, hence the appeara 
of violet as if in a primary position is Possibly misleading, 
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THE FRONTISPIECE 


The coloured Frontispiece is a diagram to illustrate five general 
types of colour vision on the four-colour theory. It corresponds 
approximately with the results of factorial analysis for normal, 
red-green blind, red and green anomalous colour vision, and also 
indicates the way in which marked yellow-blue weakness differs from 
the colour vision of the normal subjects. Owing to the difficulties 
of representing brightness variations in addition to colour on a two- 
dimensional diagram, the differences between deuteranopes and 
protanopes, and between red anomalous with and without darkened 
red, have not been represented. 

Figure I in the Frontispiece is modelled on Hering’s famous 
diagram which is reproduced by Myers, as mentioned above. Hering 
and Myers, however, represent the proportional extents to which 
assimilative and dissimilative changes and the corresponding sensa- 
tions are supposed to be excited by various primary, intermediate 
and mixed light stimuli. Thus orange is excited by a moderate degree 
of dissimilation in both the red-green and yellow-blue systems, and 
is consequently red + yellow from the point of view of the receptor 
mechanism. Purple, however, is excited by a dissimilative change 
in the red-green but an assimilative change in the yellow-blue 
system, and is therefore red + blue in terms of receptor process. 
In the beautifully printed colour circle which accompanies their 
four-colour diagram, Hering and Myers showed the effects of these 
combinations. In their four-colour diagram, however, they showed 
the proportional contributions of red, yellow, green and blue as if 
equal in normal colour vision. This is not supported by the results 
of factorial analysis, or of the general consideration of colour 
Phenomena, in the present research. Red and green contribute far 
more to normal colour vision than yellow and blue, as explained in 
the previous section. Figure I in the Frontispiece has therefore been 
changed from Hering’s diagram to show the predominance of 
red-green over yellow-blue contrasts in normal colour vision. 

Figure II shows the predominance of yellow-blue over red-green 
Contrasts for the red-green blind. Two comments are necessary : 
firstly that no attempt has been made to show the darkening of 
red in protanopes, and so the figure applies equally well to protanopes 
and deuteranopes. Secondly, this research shows that protanopes 
and deuteranopes are both widely varying classes of individuals, and 
it is therefore impossible to givea single diagram which does adequate 
Justice to all their variations. In some the red-green components of 
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colour experience are almost completely absent, in others fairly large. 
In order to represent their differences fully we should need a whole 
series of coloured diagrams in which there were various degrees 
of loss of red and green in comparison with yellow and blue, and 
also a third dimension to show the darkening of the red in protanopes, 
which is also variable. 

Figures IV and V show the relative losses of green and of red 
as components of colour experience in the corresponding types of 
anomalous subjects. Here again, no account has been taken of the 
darkening of red in certain of the red anomalous group, or of the 
variability of individual defects. Lastly, Figure III shows the diminu- 
tion of yellow and blue relatively to red and green in the yellow-blue 
weak. These are not called yellow-blue blind for reasons already 
explained, but it is instructive to compare Figures I and III and to 
see that a person who has a loss of yellow and blue will be even more 
predominantly affected by red and green in his colour experiences 
than a normal subject. Again, no account has been taken of the 
darkening of violet often found in yellow-blue weak subjects, or of 
the marked individual differences between them, which could be 
represented only by a large series of coloured diagrams. 

Before leaving this subject, it should be added that these figures 
may not be strictly comparable in theoretical meaning with the Hering- 
Myers Diagram. The latter showed the relative proportions of 
assimilative-dissimilative changes. These figures show the relative 
contributions of red-green and yellow-blue contrasts in colourexperi- 
ences. The difference between normal and colour-blind vision 
is produced by the reduction in efficiency with which the red-green 
(or the red and the green) receptors respond differentially to red and 
green stimuli. This relative loss of discriminating power is felt in 
the increase of yellow-blue over red-green contrasts. The figures 
therefore represent discriminating power rather than assimilation- 
dissimilation, though they might be thought of in this way if we wished 
to support the Hering theory in its old form. The same applies to 
the figures showing anomalous colour vision 


» with appropriate 
changes, and also to the colour vision of the yellow-blue weak in 
Figure III. 


A SPECULATIVE RECONSTRUCTION 


In order to grasp more clearly the kind of inferences which can 
be drawn from the factorial analysis discussed in previous paragraphs, 
it would be instructive to consider the following speculation. 
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Suppose that all mankind were totally colour blind, able to see only 
the differences in brightness now perceptible to us in the spectrum, 
and not able to distinguish any colours at all, except in so far as shades 
of white, grey and black may be called colours. Suppose, in addition, 
that we had been able, by scientific research, to make the colour 
filters used in these experiments, though unable to see the different 
lights transmitted by them ourselves as different colours, but basing 
our work on researches upon purely physical criteria for differentia- 
tion between them. Suppose that certain animals, such as the higher 
apes, were able to see these colours, and that we had been able to 
carry out the experiments described in this book on those animals. 

Then the results of the experiments would represent differences 
of perception among these animals which did not correspond to any 
experiences of our own except in terms of brightness. Under these 
hypothetical conditions it would be easy to interpret the general 
factors found in analysing the four tables of intercorrelations. We 
should say that they represented abilities to carry out the tests in 
terms of brightness sensitivities. The bipolar factors, however, would 
be very puzzling to us. We should be led to frame a hypothesis 
dividing our colour filters into four over-lapping groups, and might 
call these groups A, B, C and D, each group including several filters, 
in such a way that group A and group C included all the filters, about . 
half being in A and the other half in C. Similarly groups B and D 
would divide the filters between them, but cutting directly across 
the A—C grouping. These patterns would vary to some extent with 
the peculiarities of the experimental animals. The vast majority 
(about 93%) would give a grouping in which the bipolar factors 
Set off group A against C in the first place and group B against D 
in the second place. We should call this ‘“‘ normal” because it is 
most frequent. A small proportion of the animals (about 4%) 
would give a wholly different pattern of bipolar factors, in which 
groups B and D were set off against each other in the first place and 
a combination of A with C was set off against a combination of 
B with D in the second place. A third set of animals (about 3%) 
would give a different pattern again, in which the colour filters 
in groups B and D appeared as contrasted in the first bipolar factor 
and those in A and C in second bipolar. This set of animals would 
be sub-divided into those which did and those which did not show 
a special negative loading for the central member of the A group of 
filters, 

Further consideration of the overlapping groups of filters would 
lead us to suppose that they must correspond to four specialised 
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modes of vision, in each case most satisfactorily represented by the 
filters which were most nearly central for each of the groups A, B, C 
and D. We should therefore pick out four special filters, one charac- 
teristic of each group, and call these four by special names, for instance 
the a, b, c, and d filters. These four filters we should then tend to 
class together as of primary importance, while the other filters we 
should class as secondary or intermediate, because they were not 
central filters in their groups. In addition, we should classify our 
primary filters into two sub-groups, the a—c and the b—d classes, and 
say that these sub-groups corresponded to independent functions, 
adding that the sensitivities in each pair must be related in a bipolar 
or opposite manner, giving rise to negative correlations in the tests 
(except where the A—C defective subjects were concerned) and 
consequently to bipolar statistical factors in the analysis. Then we 
should be led to formulate a scientific hypothesis about sensitivity 
to light in our animal subjects. It would correspond exactly to the 
requirements of Houstoun’s theory, and it would not correspond 
at all to those of the Young-Helmholtz, Ladd-Franklin or Edridge- 
Green theories. 

If at this point we suddenly became sensitive to colours ourselves 
we should at once identify the A, B, C and D groups of filters with 
the reds, yellows, greens and blues in the spectrum, and we should 
see that the primary filters a, b, c and d corresponded almost exactly 


to pure red, yellow, green and blue, while the secondary or intermedi- 
ate filters corresponded to colours like orange, 


green and violet, which appear composite or subjectively analysable. 

Thus it is possible to reconstruct the whole discussion of colour 
vision and its problems in “ objective ” language, as if no person in- 
volved in the research himself had any direct experience of what he 
was investigating. This is, of course, exactly what does happen in 
many forms of scientific research, b 


ut psychology is always in the 
peculiar position that much of what we study is part of our own 
consciousness. This is not an invariable rule, of course, because 


if an extreme protanope did research on colour vision, he would 
be compelled to accept most of his subjects’ statements that there 
was a difference between purple-and violet, and, similarly, those of 
us who are “ normal ” have to learn to accept some of our subjects’ 
statements that there is no such difference. It is an evasion of reality 
to try to convert psychology into a purely ‘ 
though the introduction of objective methods 
been of great value, 
cannot be denied. I 


yellow-green, blue- 


“objective ” science, 
into psychology has 
and their importance as parts of its procedure 
n the study of colour vision this is clear enough 


? 
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and it is evident that the satisfactory way in which objectively 
gained and analysed data fit in with direct experience turns out to be 
one of the strongest links in our theoretical chain. 

The psychology of colour-vision defects might be compared with 
the clinical study of wooden legs. We might tabulate the various 
dimensions of wooden legs, their lengths, diameters, numbers of 
joints, weights, strengths in compression, tension and shear. These 
results might be studied by the analysis of variance, or intercorrela- 
ted and factor analysed, and the outcome of different forms of 
Statistical analysis and comparison would be most valuable. They 
would, however, tend to leave out of consideration one of the most 
important points, namely, the study of how people use wooden legs. 
This study would show that each person had his own peculiar 
mode of adaptation to the effects of injury. Just as some one-legged 
men can walk better with the aid of a stick alone than others with 
the help of the most elaborate artificial limb, so it happens that some 
extremely colour-blind men have made a better adaptation to their 
defects, and less often make errors in daily life, than others who are 
much less colour blind. Probably Edridge-Green is the only writer 
since Goethe who has grasped the significance of this side of the 
study of colour blindness, but in the present volumeaserious attempt 
has been made to couple the predominantly statistical emphasis with 
clear accounts of the colour vision of individual defectives. The 
Science of psychology can never be reduced to a series of frequencies, 
deviations, averages, and mathematical generalisations. It will. 
always call for a consideration of how the individual lives in relation 
with other people and the material environment. 


Rep-Green DEFECTIVE SUBJECTS AS INDIVIDUALS: PROTANOPES 


Six extreme protanopes were found : four men and two women. 
The first was a member of a psychology class, and he had a difficulty 
with the Collins-Drever Group Test of Colour Blindness when it 
Was applied to the whole class, though he could read the figures when 
it was close to him. On careful testing he proved to be an extreme 
Protanope. He was better able to distinguish red from yellow than 
from green when the brightness levels were equated for him. In 
the yellow-blue test he had a very large range, calling blue “ green ” 
and failing to distinguish yellow from grey of equal brightness, 
In the other three tests he gave intermediate results. He reported 
that for many years he thought he was “colour ignorant”, and that 
his difficulty was in the use of colour names rather than in distin- 
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guishing hues. He knew that he confused greens with greys and pale 
blues with pinks. He said he distinguished colours mainly by their 
brightnesses, and at this he was most expert : dark colours would be 
reds or blues, bright colours would be whites or yellows and inter- 
mediate colours greys or greens. By other forms of half-conscious 
guidance, gained from shapes and names of familiar objects, from 
surface texture, situations and uses of objects and from the remarks 
made by other people, he would be able to pass for having good 
colour vision in ordinary circumstances. He wasa very highly intelli- 
gent man and took a special interest in analysing all these points in 
detail and explaining them. 

The next extreme protanope came with three sisters, two of 
whom were also extreme protanopes. They had a Latvian father 
and English mother, and their father and father’s brother were 
known to be colour blind. Their mother was believed to be normal, 
and nothing was known of any defectives on her side of the family. 
There were four red-green blind sisters, two normal sisters and two 
colour-blind brothers in the family; one of the sisters had a colour- 
blind son. Those members of the family who were not tested were 
inaccessible abroad or too old to be asked to do the tests. Colour 
blindness was regarded as a “ family gift”, and all of them were 
in the habit of causing their friends great amusement by their 
mistakes. This man had extremely darkened red and was wholly 
unable to distinguish red, yellow and green of equal brightness, or 
perhaps it would be better to say equal darkness. He was well aware 
of his defect, and he knew for instance that he had to have the brown 
ball specially marked for him at snooker. 
maker, and knew that he tended to confuse “ ebony ” with “ rose- 
wood”. He knew that the tram-car which took him home was green 
because it went along Paisley Road—y 


: which was one of the “ green ” 
tram routes in Glasgow at that time. He was normal in yellow and 
blue. 


He was a picture frame- 


-His two sisters who were also extreme protanopes, with greatly 
darkened red, were unable to distinguish red, green and yellow of 
equal darkness. The first knew that she must keep to blacks and 
browns in her dress if she was to avoid what other people called 


“clashes”. When she came to the laboratory, however, she was 
wearing a black coat and a reddish brown scarf, which she thought 
black, and was greatly amused when it was pointed out to her that 
they were not the same colour and that the combination seemed a 
trifle odd. She knew that she could not tell green from brown, 


but thought she could distinguish red and black, though she knew 


e 
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she confused royal blue with purple and greenish blue. She thought 
she used to be more defective, but no doubt the difference was due to 
acquired skill in using brightness differences and other secondary 
guides to colour, because she could not have been more extremely 
red-green blind. She had been a dressmaker, but lost her post 
because she stitched a pale blue frock with pink thread. In parting 
she remarked that she could see colours perfectly well but did not 
know their names, and laughed heartily about the whole matter. 

The second sister was much the same. She had served in a hat 
shop, but sold a lady a purple hat to match a blue dress and so lost 
her post. It would be interesting to know whether the lady who 
bought the hat was also colour blind. She had also been a cinema 
attendant, and a tram conductress, and had to identify the different 
Priced tickets by number and not by colour, because the red, green 
and yellowish tickets looked exactly alike to her, and the blue ones 
looked pink. The third sister was generally regarded as the most 
normal member of the family besides the mother. She had great 
difficulty with the Ishihara test, however, and admitted that she was 
inclined to confuse purples and pinks of a dark tone. In the colori- 
meter test she proved to have a decided red-green weakness, with a 
ted deviation, and it is highly probable that she, her normal sister not 
tested and her mother, were heterozygous for protanopia. 

; A very interesting subject was the only moderate protanope in 
this experiment. She had been tested previously by Professor W. J. B. 
Riddell, She had a moderate red-green range, with a small red devia- 
tion and very darkened red. She was very slow over the Ishihara 
test, probably knowing that it would show up her weaknesses, and 
in spite of her caution she failed on 20 out of 24 plates, but was under 
the impression that she had read them all correctly and was inclined 
to think that it had proved her to be normal, while the colorimeter 
test she took to be in error when it showed her to be defective. 
Hence it was necessary to agree that she was “ very good at colours ”, 
which, considering the magnitude of her defect, was perfectly true. 

f we could measure their ability to distinguish the colours they do 
See, apart from their actual defects, it would often be found that the 
Colour blind are much more expert than the normal. She admitted 
no difficulties in daily life, but said she bought a pair of stockings 
Which her sister called “ purple ” and she thought were grey. She 
hatl different ideas about green and blue from other people, in her 
Opinion, Other members of the family, except her brother, had 
been tested with the Ishihara test and showed no defects. She had 
darkened red, darkened violet and darkened green, and was very 


232 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


yellow-blue weak indeed, as well as being moderately red-green 
blind. From the point of view of heredity it is interesting to consider 
how her red-green defect was gained, because her father and mother 
both passed the Ishihara test. Her mother might be heterozygous, 
but this would not account for her being red-green blind, unless 
her father could supply a defective gene as well. Suspicions might 
be raised that she had an hysterical exaggeration of a slight defect 
which was a heterozygous condition inherited from her mother. 
She was almost a link between the ordinary protanope and the most 
red-green weak of the normal group, of which the most extreme 
woman had a red-green range of 7 mm., while her range was II mm. 
The subject with a 7 mm. range just passed the Ishihara test, while 
the present subject, with an rr mm. range failed. Since she had only 
a very small red-deviation she is not a link between the red anomalous 
and the normal or between the red anomalous and the extreme 
protanope. Several men had 8, 9 and ro mm. ranges and may be 
viewed as bridging the gap between colour weak and colour blind 
to a certain extent. 

Later it will be seen that on the two locus theory of the inheritance 
of colour-vision defects, a man may be a double defective in geno- 
type, or genetic constitution, and probably at least nine such geno- 
types are possible. Some or all of them may be normal in phenotype, 
ormanifest condition. Thus a man who has apparently normal colour 
vision might marry a woman who is a normal heterozygote, and have 
a major defective daughter. In this case, for example, the father 
might have genes for Protanopia and deuteranopia in different loci 
on his X chromosome, and the mother might be a normal heterozy- 
gote for protanopia. Then both parents would possibly pass the 
Ishihara test, but the daughter could be a protanope—she would be 


‘homozygous for protanopia and heterozygous for deuteranopia at 
the same time. 


Rep-Green DEFECTIVES as INDIVIDUALS : DEUTERANOPES 


One man was a very extreme deuteranope, but had no defect 


in yellow or blue, but called all degrees of saturation of red and 


green “red”, a term which he also applied to yellows. He had 
noticed a difficulty onl 


y since becoming an adult, though when he had 
a lesson on “ colour ” at school he found that all members of the class 
understood it except himself, He considered that he was not colour 
blind but was uncertain of greens and browns, especially at a dis- 
tance. He was also uncertain of red or green signals at a distance, 
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but not if near, and could see ripe rowan berries if he was close to 
them. He thought he could see a contrast between a yellowish apple 
and the leaves of the tree, and he thought other people did not notice 
this difference. Though he believed he could distinguish all primary 
colours, he failed to see the differences between the Belgian and 
French flags at a distance. He had no difficulty with the traffic lights, 
but regarded the yellow as a brighter red, and the green as a light red 
which was nearly colourless. 

His wife and family liked him to approve of coloured clothes 
which they bought, and regarded him as a particularly good judge. 
It is not difficult to see how an illusion of this kind can arise. The red- 
green blind is often exceedingly fussy over colour matches, and will 
hesitate very thoughtfully for a long time where normal people would 
adopt a confident and “ off-hand ” attitude. He rejects nearly all 
Possible matches for fear of making a mistake, and hence gains the 
name for being an exceptionally accurate judge of colours. At the 
Same time, he does not reject any colour matches which a normal 
person would accept, and so, in the end, he may give the impression 
of being far more particular than the normal person with whom he 
1S co-operating in arranging colours. 

He had a colour-blind brother, who classed a flower as “ blue- 
family ” when other people called it purple. Two other brothers were 
Perfectly normal, Ina painting of a woman and a cat sitting by a fire 
which he had copied, the present subject made numerous errors 
Such as the following: a dull orange shawl—yellow; orange-red 
flames—ted; fawn markings on the cat—red; greenish yellow stone 
—red; dull yellow shadows on the woman’s cap—reddish; greenish- 

lue fields—pink-red; fawn or brown shadows inside the window— 
Pinkish red; pale brown inside the window—lime green; yellowish 
ted edges of flames—bright lime green; dull red flower pot— 
Steen; olive green leaves—blue-green; pink flowers—green; 

lueish pink shadows on face—olive green and rose; blue cup and 
Saucer—yellow with white rims; brownish yellow table-top— 
yellow with blue shadow; dark brown and yellow chair legs—black 
and grey; violet sleeves of apron—bright blue. These errors 
Indicate the sorts of mistakes an extreme deuteranope might make in 
Painting, if he is very cautious. If he was reckless he would make 
far greater errors. This subject was most anxious to be helpful in a 
Scientific study, and so were his two daughters, who came to be 
tested and both of whom showed slight red-green weaknesses, and 
both must, of course, according to the principles of sex-linked 
inheritance, have been heterozygotes. 
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The moderate deuteranopes were specially interesting, because 
some of them seem to bridge the gap between the ordinary deuteran- 
ope and the colour weak, while others seem to bridge that between 
the deuteranope and the green anomalous. The largest range for 
green anomalous subjects was 2:0 mm., while the least weak of the 
deuteranopes had a range of 8-o mm. The matching point of the 
green anomalous varied between 26-5 mm. and 28-5 mm., while the 
moderate deuteranopes varied from 20-5 mm. to 28-omm. Hence 
the distinguishing features of the green anomalous were consistent 
smallness of range and consistent largeness of deviation, while the 
moderate deuteranopes had never less than four times the range of 
the anomalous and their deviations, though sometimes equally 
great, varied between limits nearly four times as wide. The same 
contrasts were found between the red anomalous and the moderate 
protanope. The biggest range among the red anomalous was 3-0 mm., 
while the least range among the protanopes was 11:0 mm. The 
matching points of the three red anomalous men varied between 
105 mm. and 12:0 mm., while the only moderate protanope in this 
series had a matching point of 20°0 mm. A moderate protanope 
with a very large deviation will be mentioned in another chapter. 

One deviant deuteranope with a decided yellow-blue weakness 
and a yellow deviation, was a telephone engineer. The experimenter 
noticed that he had the peculiar “ sheep’s eyes ” not infrequently 
found in deuteranopes and asked him if he had ever had any difficulty 
with colours. He was amazed, and replied that he was colour blind, 
and added that he could not distinguish red and brown telephone 
cables, though he had no difficulty with traffic lights.* He classed 
brown beads with red, which is more characteristic of protanopes than 
ot deuteranopes, but there was no suspicion of darkening of the red 
in his vision. Orange and yellow beads he placed together, but gold 
he put with green and blue-green with blue. He failed outright 
in the Ishihara Test. He had a large deviation but a range 5-5 times 
as great as any range found among the green anomalous and accepted 
the normal equation easily, so he was not an intermediate betwee? 
the colour blind and the anomalous. He.was much interested in the 
tests, and suggested an experiment with Vitamin A. He took tw0 
tablets of Alvoleum (a dose of 4500 International Units of Vitamin 
A) per diem for a fortnight, and then came to be re-tested. There 
was a slight improvement, which might have been due to skill in 
ria He test rather than to any change in his colour vision. Then 

ook no more Vitamin A for another fortnight, and was again 


* Later it was found 


i that his daughter’ ” vS Samy e was 
also a deviant deuteranop ighter’s eyes were similar and that sh 


e. 
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re-tested. Again there was a slight improvement, probably due to 
practice. The three results are shown in Table 73. It will be seen 
that he becomes more and more like a green anomalous subject 
in the red-green test, and the yellow-blue results change least, 
while the other three tests all show improvement. The subject 
was consciously trying not to exploit increasing skill in doing the 
tests, but admitted that it was to some extent unavoidable. In the 
beads and Ishihara tests he also showed improvement, more in the 
beads than in the Ishihara. It is interesting that the red-green 
deviation remained (oractually increased) while the range diminished. 


TABLE 73 


REPEATED TESTS ON A DEVIANT DEUTERANOPE, AT INTERVALS OF Two 
WEEKS, WITH 4500 INT. U. VITAMIN A per diem BETWEEN 
THE First AND SECOND AND NONE BETWEEN THE 
SECOND AND THIRD TESTS 


R-G O-BG Y-B YG-V P-G 


First Match 25.0 Zio 25°5 15‘0 23'5 in millimetres 
Range Irro Iro 100 Io  I00 m 

Second J Match 250 140 -24"0 18-5 26-0 is 
Range g'o 30 Iro 40 ro m 

Third JMatch 28:0 15'5 250 170 235 3 
Range 5:0 40 Iro 3°0 8-0 bi 


This suggests that great deviation, when present, is a more obstinate 
defect than large range, and possibly therefore more fundamental in 
Some way, but many more tests of a similar kind should be done with 
moderate deuteranopes and also protanopes, including subjects 
with and without large deviations, to see in what ways practice and 
also perhaps vitamins might change their colour vision. 

Itis interesting to note that this subject was picked out on account 
of his peculiar “ sheep’s eyes’. In the same evening class the writer 
also picked out a girl for the same reason, and asked her whether 
she had any difficulty with colours. She had two deuteranope brothers 
and her maternal grandfather was also colour blind, but it is not 
known how far “ sheep’s eyes ” are associated with deuteranopia. 


Rep-Green DEFECTIVES AS ĪNDIVIDUALS: ANOMALOUS SUBJECTS 


_ Eleven green and three red anomalous subjects took part in 
this experiment, and only two of them were found by chance: a 
green anomalous woman and a red anomalous man. 

Three green and one red anomalous subjects were tested on the 
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same day. The first had been rejected for air-crew work by the 
R.A.F., although he had no difficulty in daily life and no suspicions 
of colour defect himself. He had previously been tested and passed 
by a medical officer, using the wools test. He had no known colour- 
defective relatives. He made not a single correct response out of 
twenty-four Ishihara plates. The second had also been tested and 
failed by a R.A.F. tester. He had no colour difficulties so far as he knew, 
and objected to the R.A.F. test. Then he was re-tested and classified 
as “ defective-safe””. This happened three times. He made four 
correct readings out of twenty-four Ishihara plates. The third green 
anomalous man also knew of no difficulties himself, but was failed by 
the R.A.F., though his brother was passed. He made three correct 
readings in twenty-four Ishihara plates. The fourth man was red 
anomalous and had been tested four times by the R.A.F. Three 
times he was classed as “ colour safe ” and once failed. All four men 
had been most puzzled by being failed in the R.A.F. tests. They 
came to the laboratory in the hope of gaining some insight into the 
nature of their defects. The writer explained the position to them as 
clearly as possible. He told them that their performance in the 
Ishihara Test was worse than that of many moderate deuteranopes 
and protanopes who actually knew that they were defective because 
they made obvious colour confusions which the present group did not 
make. On this ground alone a conscientious tester would have no 
alternative but to fail them, unless he had other and more satisfactory 
means of discriminating them from the colour blind, which, in the 
present state of tests, was not available to the R.A.F. If the Ishihara 
Test was the main, and possibly the only guide, the tester would be 
forced to classify them as “ totally green (or red) blind ”. Their per- 
formance on the Edridge-Green Lantern Test, which had been used 
for the man who persistently claimed a re-test, would also be am- 
biguous, and so would the Holmgren Wools. At the time the Ishihara 
Test had the greatest prestige, and was generally accepted as that 
nobody clearly grasped its faults. It was a crude cut-out which 
could be relied upon to detect all who might be suspected of a major 
weakness in red and/or green. 

This brought up the next point: namely that the Ishihara Test 
grouped the anomalous indiscriminately with the colour blind. 
Even when a fully adequate test was used, these anomalous subjects 
would still be classed as major red-green defectives, and the question 
would have to be raised whether in fact they would not bemore, rather 
than less dangerous than the red-green blind, because they did not 
know they were defectives, or that they were liable to make colour 
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judgments so different from those of the normal that they must 
be classed as “ gross errors ” for practical purposes. A green anoma- 
lous man, confident of his colour discrimination, might think that a 
light which the normal called green was pale red or yellow; a red 
anomalous man might think a light pale green when the normal called 
itred. This was demonstrated beyond any possible doubt to them with 
the colorimeter. Such a mistake at sea or in the air on a foggy or 
snowy night might lead to a disastrous accident : none could deny it. 

The final point was raised by the men themselves: if their 
colour discrimination was good in itself, why should they be classed 
as red-green defectives ? The answer to this is essentially statistical, 
but it is different from the answer, for instance, to the question why 
a person withan Intelligence Quotient of eighty should be considered 
as below normal. The red or green anomalous is a defective because 
his colour judgments, although they show good discrimination as 
far as he is concerned, differ in important ways from those, of the 
normal—and his abnormality is simply the fact that not more than 
about 5°% of men and less than one woman in about 250 would agree 
with him. In consequence, if he had to work with colour signals 
adapted to the majority, he might be liable to make “ mistakes ” 
from the point of view of the majority. The statistical reason why 
a person with an Intelligence Quotient of eighty is below normal is 
different, but is essentially the same as the reason why the colour 
blind rather than the anomalous are abnormal: it is that he has a 
measurably lower ability than the majority in the function in which 
he is being tested, intelligence or colour discrimination, accordingly. 

In the absence of an adequately conducted and decisive scientific 
research, showing that the anomalous would not be dangerous in the 
way described above, the R.A.F. had been right in rejecting them, 
although the Ishihara Test had been wrong in classing them as 
colour blind. Three of them called a given spot of colour “ red ”, 
the fourth called it “ green ”, and the writer who knew that his colour 
Vision agreed with that of the majority, said it was a perfect match for 
the standard spot which was “ yellow ”. As red, green and yellow 
(or “ white ”) are the most frequent colour signals, there was nothing 
more to be said. They went away satisfied. 

There were two green anomalous women in this series of subjects, 
one of whom was found by chance. She was an art student and had 
Never noticed any peculiarity in her colour vision, except that she 
had sometimes wondered whether some other people had what she 
called “ a different scale of colours” from her own. She was most 
Surprised at the result of the test, but as she came with a friend who 
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was normal, they were able to discuss it together. They found, as 
usual with anomalous subjects, that a spot which was red to the 
anomalous could be green to the normal. 

If the whole population were red-green blind the distinction 
between red and green would be in endless dispute; some would be 
sure that there was such a distinction, others confident that there was 
not, and still others would be uncertain, just as it is with the distinc- 
tion between blue or violet and indigo to-day. If the whole population 
were green or red anomalous, the position would be quite different. 
The distinction between red and green would never be in dispute, 
nobody would doubt that it existed, but the red anomalous and the 
green anomalous would never be able to agree about the exact way 
in which to distribute known reds and greens into the two classes: 
“red” and “ green ”. 

The details about three red anomalous subjects suggest that 
they are a homogeneous group, like the green anomalous, but slightly 
more variable. The most interesting point is the discovery that only 
one in these three had the red end of the spectrum darkened. 
This has an important bearing on theories of colour vision, because 
it would be impossible on the Young-Helmholtz theory, according 
to which weakness of red and darkening of red must inevitably go 
together. It is true, of course, that inthe green anomalous we should 
expect green to be darkened, according to this theory, and it is not; 
but this is a less decisive point because green lies in the middle of the 
spectrum and may gain some brightness from the parts on either side 
of it, whereas red is at the end. The normal brightness of red in 
some red anomalous subjects is most important. 

Finally, it is worth giving an example of misuse of the Ishihara 
Test. A woman was given an official examination with this test and 
reported “colour anomalous”. The writer was informed by a friend, 
travelled to her home and tested the woman and her relatives with 
the Ishihara, Stilling and colorimeter tests. All were quite normal. 


On enquiry in appropriate quarters it was found that the official 


Ishihara testing was done with the test on a bench in direct sunlight- 


$ 


Chapter 8 
MATCHING INTERMEDIATE COLOURS 


TuE aim of this experiment was to measure colour sensitivities 
in such a way that the colours used to desaturate each other in the 
colorimeter should be neighbours and not opposites. The primary 
object of doing this was to meet the possible objection that the use of 
opposites in the colorimeter to desaturate each ather might create 
artificially the negative correlations between red and green or yellow 
and blue. If the negative correlations between colours measured as 
Pairs were not found when the pairs were neighbours rather than 
opposites, then they could be regarded as properties of the colour 
Sensitivities and not as products of the tests. A secondary object was 
to study in more detail the frequently found tendency to confuse 
blue-green with green. It was also hoped that the experiment would 
reveal further characteristics of colour vision not found in the forms 


of test so far used. 
à TECHNIQUE 


The colorimeter or anomaloscope was used again in essentially 
the same way as before. There were four sub-tests. The first was 
a test of red and yellow, the second of yellow and green, the third 
of green and blue and the fourth of blue and red. The Ilford Spectrum 
Red, Yellow, Green and Blue colour filters were used for these tests. 
The red-yellow test was set up with the red filter below and the 
yellow above it in the right-hand slide. Hence the variable spot was 
Saturated red at a slide reading of zero and saturated yellow at 
35°0 mm. The standard spot was made with the Ilford Spectrum 
Orange filter, and the mixture of red and yellow matched the orange 
Standard at a scale reading of about 19:0 mm. There was little or no 
change of brightness between red, orange and yellow for the majority 
of subjects. The 2-02 density neutral filter was placed in the left 
Slide below the orange filter and the orange was slightly diluted with 
this at a scale reading of 30:0 mm. The brightness of the left-hand 
Standard spot was maintained at a shutter reading of about 12-0 mm., 
while the right-hand shutter was fully open. This test was easy to 
Carry out efficiently. Testing was begun at a point at which the 
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variable appeared redder than the orange standard, and continued 
until it was yellower and back until it was again redder as often as 
necessary. 

The yellow-green test was similarly arranged, using the yellow 
and green filters, yellow below and green above, to make the variable 
and the yellow-green filter in place of orange to make the standard. 
Relative brightnesses were different, and the standard shutter now 
had to be placed at about 20-0 mm. while the variable again remained 
fully open. The mixture of yellow and green usually matched the 
pure yellow-green at a scale reading of about 18-0 mm. This test was 
carried out from “ variable yellower ” to “ variable greener” and 
back again. It was an efficient and easy test. 

The green-blue test was set-up in a similar manner, using the 
blue filter in place of the green and the green in place of the yellow, 
on the variable side, and the pure blue-green filter in place of the 
yellow-green one on the left or standard side. The standard blue- 
green was diluted with slightly less white light than the yellow-green 
and orange filters, reading 31-0 instead of 30.0 mm. The blue-green 
mixture matched the pure blue-green at about 22-0 mm. Brightness 
was controlled with the variable shutter while the left or standard 
shutter remained open. It was best to start with the variable bluer 
than the standard and to proceed towards the greener side and back 
again. The brightness for the blue side was much lower and the 
shutter was closed step by step from about 150mm. to8-oor 10:0 mm. 
as the test proceeded, to be opened again in returning to the blue 
side. This test was more difficult and the subject often uncertain of 
his Judgments; but delay and repetition led to fatigue and greater 
uncertainty, and in difficult cases it was necessary to have rest pauses 
between the ascending or descending series of observations. The 
reasons forthe difficulty were: (a) great variation in brightness levels 
of the blue and green end points, (b) great individual differences in 
sensitivity to the colour differences being tested, and this was coupled 
with (c) the ever-present tendency to confuse greater blueness with 
greater darkness and greater greenness with greater brightness- 
Steps of two mm. were often needed instead of the one millimetre 
steps generally used, and the subject was always encouraged tO 
insist firmly on any differences which he suspected. In this way it 
was ensured that he did not fear that the experimenter was deceiving 
him. Four and even five millimetre steps were exploited in some 
cases to give the subject confidence, and brightness matches wer 
e he ene P forg colour equality was accepted. : 

as set up with blue below and red above 19 
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the right-hand slide, and the spectrum violet in the left slide, set 
at 20:0 mm., so that the violet standard was desaturated with a 
considerable proportion of neutral light, because the loss of saturation 
of the red-blue mixture was great as compared with the red or blue 
taken alone. The right shutter was now always open and brightness 
was controlled with the left, which was usually at 20-0 mm. There 
was little brightness change in doing this test, the colour changes 
were clear and the subjects were quite confident. The only technical 
» difficulty was that the red-blue mixture, being made up of lights from 
opposite ends of the spectrum, was inclined to flutter from one colour 
to the other with some subjects, especially if they delayed or hesitated. 
The red-blue mixture matched the violet at about 15-0 mm. scale 
reading. 
In all these four tests the source of light was the same 100-watt 
daylight blue lamp. A change in the lamp would have changed the 
matching points and spoiled the experiment, 


SUBJECTS 


The “ Intermediates ” experiment was carried out on 41 men and 
31 women. Of the men 32 had normal colour vision, in the sense 
that they passed the Ishihara Test, and the remaining 9 were red- 
green defectives. Six of these were invited as known defectives 
and 3 were found by chance. The men invited were 2 extreme 
deuteranopes, 2 green and 2 red anomalous subjects. The 3 ab- 
normal men found by chance were I moderate deuteranope, 1 
green anomalous subject and 1 extreme protanope. Of the 31 
women 30 were normal and 1 was a green anomalous girl found in 


the random sample. 
Mip-Pornts 


Tables 76—79 show the distributions of mid-points for all 
subjects in this experiment except the five men who were invited as 
red-green defectives. The deviations are shown as nearly as possible 
in multiples of the standard deviation. This classification is not 
Perfect, because the standard deviation and mean were calculated in 
millimetres to two places of decimals, while the actual figures of 
the records were always tabulated in single millimetre steps. It is 
to be noted that these tables include the results for two green anoma- 
lous and two red-green blind subjects, whose positions will be dis- 
cussed at appropriate places. Diagram XXII shows the normal 
results together with those of five typical red-green defectives, 
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The data in Table 76 show the distribution of mid-points for 
the red-yellow test, in which the standard was orange. It will be 
seen that this distribution is well within the limits of the normal 


TABLE 76 


Mip-Points IN THE RED-YELLOW Test: MEN AND WOMEN 


Rep WEAKNESS: | NORMAL: 


| YELLOW WEAKNESS: 
| -2 to -3 -1to-2| +1*x 

| 

| 


| +1 to +2|+2 to +3| Over3 x 


x sigma) x sigma| ‘sigma | x sigma | Xsigma sigma | Totals 
16-16°5 | 17-17°5 | 18-20 | 20°5-21 | 21°5-22 Over 225| 
mm. | mm. | mm. | mm. | mm. mm. | 
MEN o | 7 | 24 3 | o | I | 35 
WOMEN o } 2 22 5 I | I [i 31 
Tora, | o | 9 46 | 8 I | 2 66 


curve with the exception of two subjects who have a large yellow 

deviation. The most extreme subject apart from these was a girl 

who was seen before the general results of the test became apparent. 

Since it was not then realised that she was an exception she was given 
==PROTANopE WOMEN ABOVE 


` us 
3 MEN BELOW 5 = GREEN ANOMALO 
@=DEUTERANOPE Tene LOW @= RED ANOMALOUS 


x 10 
z 5 5 
10) a= 
lOmm 15 20 25 o i5 20 30 


30 ~ 10mm 
YELLOW«———_____+GREEN 


lOmm 15 20 25 a0 


BLU EE 


Diagram XXII. Matchin, 
67 Subject: 


g Intermediate Colours: Mid-Points : 
s; Half-Millimetre Steps 


no other colour tests at the time and unfortunately lost touch with 
the experimenter. She did not know of any colour-blind relatives. 
She shows in a marked form the quality which is characteristic of 
the green anomalous in these tests, namely, an exceptional range © 
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matching in yellow and green, while her deviation appears in the 
red-yellow test. Her yellow-green range was three times the modal 
range in that test, and she would therefore rank as very yellow-green 
weak. The two most extreme subjects in Table 76 were the green 
anomalous man and woman, who will be discussed more fully in the 
section on individual subjects. The two red-green blind men showed 
no marked abnormality in mid-points, though, of course, they had 
enormous ranges, which will be discussed later. > 
Table 77 shows the deviations of mid-points for the yellow-green 
test. Again the results are well within the normal curve, with very 


TABLE 77 


Min-Pornts IN THE YELLOW-GREEN TEST: MEN AND WOMEN 


YELLOW WEAKNESS : Norm.: GREEN WEAKNESS : | 
Below \-2 to -3 |-1 to -2| 1X |+1 fo+2)+2t0 +3 Over 3 X 
=i x sigma | X sigma| sigma x sigma | Xx sigma| sigma 


sigma. Totals 
15mm. | 15*5-16 | 16*5-17 | 17'5- | 20-20°5 | 21-21°5 | 22mm. 
and less mm. mm. |ig'5mm.| mm. mm. |and more 
— 
MeN o o 5 28 I o 1 35 
Women S Pit Ba a 25 2 |) “Sores Ho 31 
3 | o | 1 66 


Tora ° o o 53 
| 


few exceptions. The exceptions are the moderate deuteranope and 
the green anomalous man; the green anomalous woman does not 
show a marked deviation in this test. The deuteranope has a very 
big deviation, about ro X sigma, in this test, but a big range in the 
ted-yellow test. 

In the blue-green test, the results of which are shown in Table 78, 
there are no subjects outside the normal curve. The three most 


TABLE 78 
Mip-Pornts IN THE GREEN-BLUE Test: MEN AND WOMEN 
To — - n 
GREEN WEAKNESS : NORMAL : BLUE WEAKNESS : 
-2 to -3 | —I to -2 +1 X |+1to +2) +2 to +3 
x sigma | X sigma sigma x sigma | X sigma | Totals 
| 13'5 to 16 | 16-5 to 19 |19°5 to 24°5| 25 to 27°5 | 28 to 30-5 
mm. mm. mm. mm. mm. | 
y 2 2 | 29 2 o | 35 
OMEN I 2 | 21 7 | o 3I 
OTAL | 4 | 50 9 | 66 


| o 
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extreme are all weak on the green side: two men and one woman. 
The men both have very marked matching ranges as well as green 
deviations. Similarly the extreme woman subject in this table is also 
distinguished more by blue-green weakness than by deviation. None 
of the colour blind or anomalous subjects had an unusual deviation 
in this test. 

Table 79 shows the deviations of mid-points for the blue-red 
test. The two subjects who have extreme blue deviations in this 


TABLE 79 


MID-POINTS IN THE BLur-Rep Test: MEN AND WoMEN 


BLUE WEAKNESS : Normal: | Rep WEAKNESS : 
Beyond , -3 to -2 -2 to -1 +1 X |+1t0+2 +2 to +3 
3 X sigma| X sigma | x sigma sigma X sigma | X sigma | Totals 


rmm. 11*5- 13-13°5 14-16 16:5-17 17°5 

and less 12°5mm. mm. mm. mm. 18 “5mm, 
MEN I 2 ° 26 2 4 35 
WOMEN $ o 2 23 3 2 31 
Tora 2 2 2 49 5 6 66 


test were the green anomalous man and woman. The fact that red 


is stronger than blue for them, just as it is stronger than green or 


yellow, is evidence that the green anomalous condition in the Rayleigh 
Equation is due not only to a weakness of green, but also to relatively 
greater strength of red. This is supported by other facts. Another 
green anomalous subject invited to do the present tests had precisely 
the same peculiarity, while one red anomalous subject who was invited 
had the opposite condition : in him green is stronger and red weaker 
than in the normal in the ordinary Rayleigh Equation, and red is 
also weaker than blue in the present test, in which he has a red 
deviation of more than 3 X sigma. 


This is an important point, because it has been said that red 
or green anomalous colour visi 


in the Rayleigh Equation, 
anomalous subjects should sh, 
red and yellow, but a big ra 


t nge of confusions between yellow and 
green. The correlations and 


factorial analysis given later will suggest 
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that this is a general characteristic of ordinary red and green deviants 
as well as of the anomalous subjects. 


EFFECTS OF BLUE-WEAKNESS 


It is interesting to find that the standard deviation of the green- 
blue test is about twice as great as that of any of the other three. 
Table 80 shows the standard deviations of these mid-points. The 
actual mean mid-points have been omitted, because their positions 


TABLE 80 
Sıcmas oF Mean Mip-Points 


Test : R-Y Y-G G-B B-R 

Sigma of Tis ggo %83 T23 

Mid-point mm. mm. mm. mm. 
are dependent on purely physical conditions, and can be tilted to either 
side at will by increasing the intensity of saturation of one of the 
colours used. Thus, if a 0-3 density neutral filter is super-imposed 
upon either filter in any of the tests, it will cut down the intensity of 
that colour by half, and tilt the mid-points strongly to that side. 
The standard deviation is not open to this arbitrary control, though 
Many problems about how it is affected by saturation and intensity 
Temain to be settled. Since the differences of the standard deviations 
of the red-yellow, yellow-green and blue-red tests are about the 
Same as their own standard errors, the subjects are on the whole 
equally sensitive in these colour comparisons. Since the difference be- 
tween the standard deviations for the blue-green test and the next 
larger, that of the blue-red test is more than six times its own 
Standard error, the subjects are on the whole much less sensitive 
to the green-blue distinction than to any of the other three. This 
Strongly confirms the general impression from everyday life, 
that the distinctions between near shades of green and blue are 
More often disputed than any other colour distinctions. It supports 
the view that these differences are not due to mere differences of 
Naming, but are the result of real differences of colour sensitivity 
among the persons concerned. The evidence collected from this 
Series and other tests indicates that these differences are most often 
due to varying sensitivities to blue. Varying sensitivities to green 
result in differences of opinion about pale greens and yellows, or 
about pale greens and pinks, while varying sensitivities to blue result 
In differences of opinion about blues and greens which are desaturated 
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and about the same brightness. Thus the frequent assertions that 
Cambridge blue is really a kind of green are due to blue weaknesses. 
Cambridge blue is a desaturated blue-green, to most people predom- 
inantly blueish, but those who have a weakness in blue are less 
sensitive to the blue in it than the normal, and see it predominantly 
as greenish. “ Eau de Nil” is a similar colour, but predominantly 
green to the normal, and is therefore less subject to this variation 


for the blue-weak. “ Electric blue”, peacock and even turquoise, 
are often called “ green”. 


Matcuinc RANGES 


The ranges of matching in the intermediates tests are shown 
in Tables 81—84 and in Diagram XXIII. The range in red and 
yellow is the double differential threshold for the perception of the 


a= PROTANOPE WOMEN ABOVE 

25 a= DEUTERANOPE 20 MEN BELOW 
@:RED &-GREEN ANOM, IN EACH FIGURE 

20 15 

fej 

z 15 10 

z 10 RED - YELLOW 5 YELLOW- GREEN 

a 

uw 


Smm 10 15 20 25 30 35 


5 20 

Z 15 15 

310 GREEN - BLUE lo BLUE - RED 
ug 

£ 

u 5 


é A 
Om 5 10. 15 20 %5 3 ° Onn 5 10 IB 0 5 30 35 
Diagram XXIII. Matching Intermediate Colours : 
67 Subjects: Millimeter Steps 


Matching Ranges : 

red-yellow mixture as redder or yellower than the orange standard. 
Similar definitions, with appropriate changes, apply to the yellow- 
green, green-blue and blue-red ranges. Table 81 shows the matching 
ranges for the red-yellow test in terms of the modal or most frequent 
range. All those subjects with more than twice the modal range 
can be classed as weak in red and/or yellow. The two men, one with 
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16 times and the other with 18 times the modal range, are both red- 
green blind, the first being a moderate deuteranope and the second 
an extreme protanope. 
TABLE 81 
Rep-YELLow Rancrs: MEN AND WOMEN 


1 X mode: | 2 x mode: | 3 X mode: | 4 X mode: 16 X mode:| 18 xX mode: 
1 & 2mm. | 3 & 4mm. | 6 & 7mm. 8 & omm.| 31 & 32| 35 & 36| Totals 
mm. mm. 


MeN 17 14 2 o I I 35 
Women 18 6 5 2 ° ° 31 
TOTAL 35 20 7 2 I 1 66 


In Table 82 the ranges for the yellow-green test are shown. The 
subject who had 16x the modal range is the extreme protanope. 
Two men had 3 and 4 times the modal range. Of these one had no 


TABLE 82 
YELLOW-GREEN RANGES: MEN AND WOMEN 


ıxmode | 2Xmode | 3xmode | 4Xmode | 16 Xmode 
o-3mm. 4-6mm. j 7-gmm. | 10-12mIm. 35mm. | Totals 
pee 
Men 24 8 I I I 35 
Women 20 7 3 I o 31 
Toran 44 15 4 2 I 66 


other peculiarities, and the other was green anomalous. As mentioned 
before, like other green anomalous subjects, he showed the peculiarity 
of a large deviation in the red-yellow test and a large range in the 
yellow-green test. One of the women who had 4 times the mode is 
also green anomalous. 

Table 83 shows the ranges of matching for the green-blue test. 
As many as forty-five subjects have twice or more than twice the 


TABLE 83 
MATCHING RANGES FOR THE GREEN-BLUE Test: MeN anD WOMEN 


N se E | toes R ER ETR SE | eas 

mode: | mode: | mode: | mode: | mode: mode: | mode: | mode: | mode: | Totals 
o-2 3-4 5-6 7-8 | g-to | 11-12) 13-14 15-16 | 27-28 

nA e | Caos ||| fa, | sae. ENIE | mms | ane. mn. 


Men 13 9 $ 3 o 1 I 3 ° 35 
2 


OTAL | 23 21 8 5 2 I I 4 A 86 
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modal range, and twenty-one have more than twice this range. If, 
according to the definition used elsewhere in this book, those with 
more than twice the modal range can be considered colour weak, about 
one third of all the subjects would be weak in blue and/or green, 
although the modal range itself is not greater than that for red and 
yellow. This accords with the fact already mentioned that near 
shades of blue and green and of intermediate greenish blues are 
more often confused than any other hues in daily life. 

The most extreme subject in this table, who showed very marked 
weaknesses in both the tests involving blue, had 14 times the modal 
range in the blue-green test, and altogether failed to distinguish 
green from blue-green. She had a range of 7 times the mode in 
the blue-red test. In the Ishihara Test she could read the figures 
easily which are supposed to be read only by the red-green blind. 
She made two errors of an insignificant character in the blue-green 
plates of Stilling’s tables. She knew of her defect, having called a 
coat “ blue ” when other people called it “ green ”. It was in fact 
a blue-green colour. She said that her father had the same difficulty 
with blue-greens. Another subject was at the time of this test very 
reluctant to admit her defect, though she knew perfectly well that 
it existed, and when doing the beads test she defended her confusion 
of blue-green with blue by claiming that it was purely a matter of 
naming. If it had been purely a question of naming, however, she 
would have been able to distinguish the shades of blue-green and blue 
to which she applied the name “ blue ”, just as a person may use the 
name “ brown ” for a reddish brown and also for a yellowish-brown, 
but has no difficulty in sub-dividing brown into two classes according 
to their reddish or yellowish quality. 

Five men and one woman had 7 or 8 times the modal range. Two 
of the men had no other peculiarity, the third was an extreme 
protanope and the fourth had in addition rather a large range in 
red and yellow. He had passed the Admiralty tests for colour 
without difficulty, but noticed a tendency to confuse blue and green. 
He had “a difficulty in deciding which is more blueish or more 
greenish of such colours as electric-blue ” 
blue test described in Chapter VI, and had a large range, 8 mm., with 
a very big blue deviation, showing marked weakness in blue. The 
fifth blue-green weak man, a Jew of Dutch descent, had ranges which 
decrease towards the red-yellow test, thus : B—G, 14 mm.; Y—G, 
6mm.; R—B, 5 mm.; R~Y, 3 mm. Unfortunately it was impossible 
to detain him long enough to do additional tests. One woman 
had a range of 15 mm., and no other peculiarity. Her mother’s 


- He was given the yellow- 


aa 
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brother’s son is colour blind, having been rejected by the Air Force, 
but it is reported at home that his greatest difficulty is in distinguish- 
ing yellow and white, which is characteristic of people with an extreme 
yellow weakness rather than of the red-green blind. Her ideas 
about colours sometimes differ from those of other people, for she 
calls turquoise blue a kind of green. Two other subjects who have 
Noticed a difficulty with blues and greens may be mentioned. One 
has a general colour weakness which includes blue, and the other 
has five times the modal range in the blue-green test, but is not weak 
in green. 

The ranges of matching in red and blue are shown in Table 84. 
This, like the blue-green test, shows rather a wide spread of ranges, 


TABLE 84 
Rep-BLue RaNnces: MEN AND WOMEN è 


Ix 2x 3x 4x 5x 6x mi 35X 
mode: | mode: | mode: | mode: | mode: | mode: | mode: | mode: 
imm. | 2mm. | 3mm. | 4mm. | 5mm. 6mm. | 7mm. | 35mm.| Totals 


MEN 15 8 6 I 2 Z o I 35 
Women 13 10 5 2 o o I o ar 
OTAL 28 18 II 3 2 2 I I 66 


though the modal range is very small, and 20 subjects out of 66 
have more than twice the modal range. The weakest subject is an 
extreme protanope, and he was unable to distinguish red from blue— 
equally dark for him. This explains the confusion of red and blue 
Sometimes reported by the colour blind. The woman who has seven 
times the modal range has already been discussed, and so has the 
man who has six times the modal range. They were colour weak in 
blue. The two men who have five times the modal range have their 
chief weaknesses in blue and green. 

It is clear that matching ranges in these tests support the general 
Conclusion from mid-points, that the distinction between blue and 
green is the most variable of the four distinctions tested, and that 
ted and blue is next to it in variability. This is not altogether consis- 
tent with the results of some other tests. In the spectrometer yellow 
is the most variable in position. In the beads test weakness in yellow 
leads to confusion of orange with red and yellow with white, while 
weakness in blue lead to confusions of blue with green and blue-green. 
Confusions of red and green with yellow are found in the red-green 
blind, who also confuse violet and purple with blue. Since they are 
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much less frequent in the population, their errors, though striking, 
are less often met with than those of the blue and/or yellow weak. 
Indeed, it is the very frequency of errors due to blue defects that 
makes us unwilling to accept colour weakness as the explanation. 
Weare inclined to think of these errors as due to differences of naming 
habits or merely of “ opinion”. There is another point, which is 
clear from all the experiments, namely, that red-green blindness 
and anomalous colour vision are discontinuous variations, not linked 
up with the normal curve of colour weaknesses by intermediates, 
whereas all blue-yellow defects can be included in a normal curve 
of continuous variations of sensitivity. It is important that the present 
experiment, in which no colour was measured against its complemen- 
tary, should support this conclusion, because it shows that the results 
obtained from the Rayleigh Equation and pairs of opposites and 
complementaries were not created by the technique of measurement. 


Sex DIFFERENCES 


It is well known that there are more colour blind and anomalous 
men than women in the population, and this difference is due to the 
sex-linked inheritance of red-green defects, which is easily shown by 
genealogies. Apart from these sex differences it is often held that 
men are inferior to women as judges of colour, and some researches, 
such as those of Collins! and Houstoun,? seem to support such a 
theory. 

In order to test this hypothesis the results of the present experi- 
ment were dealt with as follows. Anomalous and red-green blind 
subjects were first excluded, because they belong to the special 
sex-linked group. For the remainder, quantities representing 


sensitivity to each of the colours tested were calculated in the same 
way as before. In the red and 


Series of readings were 
e, red first in the red- 
-red test, and so on. Now the differences 
teadings for men and for women in all 
were calculated and compared with their 
85 shows these averages. “ Rb”? means 


between the means of the 
eight sets of measurements 
own standard errors. Table 
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red measured in the blue-red test ; “‘ Ry’ means red measured in 
the red-yellow test, and so on throughout the table. All the differen- 
ces between the means for men and women are about as small as their 
own standard errors, and no sex differences are revealed at all. 


TaBLe 85 
Mean READINGS FOR COLOUR SENSITIVITY IN MILLIMETRES: 32 MEN 
AND 30 WOMEN 
Rb Ry Yr Yg Gy Gb Bg Br 
MEN 1850 1775 1488 1644 15°34 19°64 10°50 14:49 
Women 18-66 17:28 1440 1724 1497 19°98 1035 14:10 


Since we have in these groups of subjects a considerable number, 
namely about one third, who must be classed as blue-green weak, and 
since it appears that this peculiarity is an expression of blue rather 
than of green defect, it may be inferred with some confidence that 
blue weaknesses are not sex-linked. The results bear equally 
decisively on yellow weaknesses, and it is a fair inference that there 
1S no sex linkage in the inheritance of either blue or yellow defects. 
On the other hand, an examination of the frequencies of red-yellow 
and yellow-green ranges shown in Table 81 and 82 suggests that 
women have twice the modal ranges more often than men. This would 
accord with the sex-linked nature of red-green defects, for the excess 
of women was probably due to the presence of heterozygotes for 
red-green blindness. Further studies of these problems will have to 
be made. The pooled frequencies of the red-yellow and yellow-green 
tests show a larger proportion of colour-weak women than of men, 
and the probability of that difference being found by chance is 0:03 to 
0:02 when tested by the Chi-squared technique with Yates’s correc- 
tion. This is not convincing evidence, but is a strong indication 
of an excess of colour-weak women in those tests. 


HAIR AND SKIN COLORATION 


As explained elsewhere it has been suggested that those with more 
Pigmentation are less colour sensitive, and this would fall into line 
With the hypothesis often put forward, that weakness in colour, 
Particularly in blue or red, might be due to retinal pigmentation, 
Popular belief, as indicated by frequent questions from subjects 
doing the experiments, however, is rather in the direction that fair 
skinned and fair haired people might be less sensitive than the 


Normal, 
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In order to test these hypotheses each subject was classified as 
“dark” or “fair” at the time of doing the tests. All those with black or 
dark hair and/or dark skin were classed as “ dark ”, and the remainder 
as “fair”. It is admitted, as mentioned before, that some were 
difficult to classify, and a three-fold grouping might have been better. 
Nevertheless, any tendency for weakness of colour vision to be 
linked with pigmentation would be apparent in the results, even with 
a two-fold grouping, and the reduction in actual frequencies in each 
class would make inferences from the three-fold grouping less easy 
to draw. Table 86 shows the means for the set of colour sensitivity 


TABLE 86 
MEAN READINGS For COLOUR SENSITIVITY IN MILLIMETRES : 
SUBJECTS AND 37 “Fam” 
Rb Ry Yr Yg Gy Gb Bg Br 
Dark 18-46 17-62 14°66 16-82 15°34 19°25 10:54 14:38 
Fair 18:82 17-59 14°75 16°88 14:97 20°78 10:99 13°99 


25 “DARK” 


as dark or fair, and this grouping was compared with the frequencies 


of dark and fair in the whole group. Table 87 shows this comparison. 
TABLE 87 
COMPARISON oF F REQUENCIES OF “Dark” AND “Farr”: REp-GREEN 
- DEFECTIVES AND NormaL SUBJECTS 
Dark Fair 
Red-Green Blind and Anomalous 3 7 
Normal sja 25 37 


In this table, Yates’s Correction being applied because the ex- 
pected frequencies are small in the red-green defective groups, the 
Chi-squared technique shows no significant difference between the 
proportions of dark and fair among “ normal ” and among red-green 
defectives. Even if Yates’s correction had not been used there 
would be no significant difference, Considering the great magnitude 
of the defects of the ted-green defectives in comparison with the 
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variations of the normal subjects, we should expect any tendency 
for pigmentation to be associated with the defects to be brought out 
very clearly, but there is none. The colour blind are just as frequently 
dark (or fair) as other people. 


INTER-CORRELATIONS BETWEEN COLOUR SENSITIVITIES AND 
BRIGHTNESS LEVELS 


Using the measurements of colour sensitivity described in the 
two previous sections, intercorrelations were calculated. Each 
colour was tested in two different ways and appeared twice in the 
correlation table, These intercorrelations are on the same principle 
as those worked out between “ colour weaknesses ” for the rotating 
disks and other tests. Correlations were also worked out for each 
colour sensitivity and the appropriate brightness level, which, for 
a given colour, is the shutter reading at which the mixture matches the 
standard for brightness when set at the mean mid-matching point 
for the whole group of subjects. In the red-yellow and blue-red 
tests brightness level was controlled by the left shutter, but in the 
yellow-green and green-blue tests it was controlled by the right 
shutter. Allowance was made for this difference in calculating the 
Correlations, and in all eight brightness correlations a positive sign 
Meant that an increase of brightness was correlated with an increase 
of colour sensitivity and a negative sign meant the reverse. Since all 
the measurements were made on mixtures of colours, both members 
of each pair being potential variables in brightness, partial correla- 
tions were necessitated, the effect of the unwanted colour being 
thus eliminated. } 

One subject had a very large weakness in blue, and it seemed 
Possible that her results might introduce error into the correlations, 
especially because her reading for blue, measured as a pair with green, 
was far outside the normal curve. Hence she was excluded the second 
time the correlations were calculated, and it was not until this was 
done that the resulting factorial analysis became intelligible. The 
colour blind and anomalous subjects were also excluded, for the 


Same reason. 
FACTORIAL ANALYSIS 


Table 88 shows the factor loadings for the colour sensitivities 
measured in the Intermediates Tests, together with brightness level 
loadings, which were grafted upon the other factor loadings. As 
before, the symbol “ Ry ” means red measured in the red-yellow test, 
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“ Rb” means red measured in the blue-red test, and so on for all 
the others. : p gee 
It will be seen that there is a small negative loading for “ Yr ”, 
yellow measured in the red-yellow test, in the general factor, and 
the highest positive loadings in this factor are for “ Ry ”, and 4 Yg 
and “ Br ”, in that order. Thus it may be inferred that the distinction 


TABLE 88 


FACTOR Loapincs FOR COLOUR SENSITIVITIES IN THE INTERMEDIATES 
Tests: 61 NORMAL SUBJECTS: BRIGHTNESS Loapincs GRAFTED 


Colour Factor Loadings : 

Tested : , iD IT IIT 
Ry +531 +349 —'323 
Yr "126 +468 H285 
Yg +467 "153 "143 
Gy +233 +110 +343 
Gb +187 +-562 —4593 
Bg +316 —+406 +:422 
Br F454 623 "006 
Rb +or5 +629 +005 
Brightness +403 +005 075 


of yellow from orange tends to be a special disability, while the most 
outstanding abilities are the distinctions between red and orange, 
yellow and green, and blue and violet. We may express this by saying 
that the ability to distinguish red from orange is the best measure 
of the kind of sensitivity being measured by this factor, probably 
brightness, but the ability to distinguish yellow from orange varies 


in exactly the opposite way and is a test measuring the lack of this 
factor on the average. 


The first bipolar factor 
and contrasts them with ye 


theory, according to whic 
to.be contrasted against blue 


sensitivity would, on such a theory, correlate positively with variations 
of yellow. On a four-colour theory, such as that of Hering, or his 
theory as modified by Houstoun, however, it would be likely that 
different psycho-physical functions would be Separated by the factor- 
ial analysis. Jn measuring red sensitivity against an orange standard 
or green against a yellow-green standard, the red-green system would 


5 
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be contrasted against the yellow-blue system. Similarly, these 
systems would be contrasted again in measuring red against a violet 
standard and green against a blue-green standard, and again in 
measuring yellow against an orange or yellow-green, and blue against 
a blue-green or against a violet standard. On a four-colour theory, 
therefore, the principal contrasts: would be between the red-green 
and the yellow-blue systems in this experiment, and not between 
colour sensitivities taken separately, or in any other combination. 
This expectation is fully supported by the first bipolar factor. 

The second bipolar factor, which, with small residuals and no more 
than sixty-one pairs of measurements correlated, is not decidedly 
significant, contrasts colours measured as pairs in the tests : “Ry? 
against “ Yr”; “ Yg” against “Gy”; “Gb ” against “ Bg”; and 
“Br” against “ Rb”. This is most important, because it shows 
the effect of the experimental technique in emphasising contrasts 
between the colours mixed in the colorimeter. This factor therefore 
supports the criticism that pairs of colours measured together as 
mixtures tend to be negatively correlated. It shows that to some 
extent the negative correlations in the nine-colour experiment may 
have been produced artificially by the method of desaturating each 
colour with its opposite or complementary, just as they were produced 
in this experiment by desaturating each colour with its neighbour. 
At the same time, this second bipolar factor is barely significant in the 
Statistical sense, and is in any case relatively unimportant because 
it is the third factor, while the important first bipolar, which 
18 statistically significant, contrasts red-green agains yellow-blue 
vision. Hence the ‘Intermediates experiment , although it does 
show that the criticism mentioned has some weight, also shows that 
its Weight is very small and that the other experiments were sound in 
their support of a four-colour rather than of a three-colour theory. 
| The grafting of brightness level loadings on the table of factors 
Is interesting. It shows that variations in brightness level are positively 


Correlated with the general factor, which is probably to be viewed 


as an estimate of brightness sensitivity, but are negatively related 


to both bipolar factors. The negative loading for the first bipolar 
factor is negligible. That for the second bipolar is very small. 
Brightness changes bear little or no relation to variations of colour 
Sensitivity, though they are closely related to the subject’s general 


ability to make colour discriminations. This accords with the results 


Of other experiments. Brightness level is always positively correlated 
with the general factor, and tends to be correlated with the blue side 
of the blue-yellow and with the green side of the red-green factors, 
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The positive correlation with the general factor remains in the i 
experiment, while the differential correlations with the positive an 
negative sides of the other factors disappear, as would be expected 
in an experiment which throws the red-green and yellow-blue 
functions into contrast instead of separating them. 

On Ladd-Franklin’s theory, variations in sensitivity to red or 
green cannot be opposed to variations in sensitivity to yellow. There 
must be either a positive relationship, since reduction in yellow 
sensitivity might diminish both red and green, or no relationship at 
all, since reduction in red or green might not on her theory have any 
effect on yellow. It is clear that in this experiment we are dealing 
with an opposition between the red-green and the yellow-blue 
systems, modified to a small extent by the tendency for colours 
desaturated with each other to be negatively related. The experiment 
was designed to differentiate the three- and four-colour theories, 


and to show which was more likely, and it achieves both these ends, 
clearly supporting a four-colour theory. 


Rep-Green DEFECTIVES 


Ten major red-green defectives took part in this experiment. 
Table 89 shows their characteristics. It will be seen that three 
major defective men were found by chance in a sample of thirty-five. 
This accords well with the Proportion of colour-blind subjects reported 
by many workers using the Ishihara Test, and all these subjects would 
fail completely on that test. They include a moderate deuteranope, 
an extreme protanope and a green a 
distribution of types acco 


n 1/31, and it was simply 4 
to be included in this group. 


TABLE 89 


Major DEFECTIVES IN THE INTERMEDIATES EXPERIMENT 


i Extreme Deuteranopes—2 
Invited : Green Anomalous—2 

Men: Red Anomalous—2 

Green Anomalous—z 

Moderate Deuteranope—z 

Extreme Protanope—r 


By Chance : 


Women : By Chance : Green Anomalous—r1 
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The five major defective men who were invited had all been tested 
in other experiments, and the main interest of asking themto do the 
present tests was to compare the results with those of the other tests 


they had done. 


The degree of darkening of the red end of the spectrum for the 
Protanope is shown in Table go, where it is compared with the corres- 
ponding brightness levels of the red and yellow mixtures at five 
millimetre steps of the colorimeter slide for an extreme deuteranope 
and the average of the normal subjects. Thus the deuteranope 


‘TABLE 90 


BRIGHTNESS LevrLs ror RED, RED-GREEN MIXTURES AND GREEN, FOR 
AN EXTREME PROTANOPE, AN EXTREME DEUTERANOPE AND AVERAGE 


NORMAL 
RED ORANGE 
` Slide Reading ~mm 
in Millimetres: © 5 10 I§ 20 
Shutter Protanope 3 5 5 IO 10 
reading in Deuteranope 12 12 12 12 12 
Millimetres {bests 12 12 I2 12 12 


YELLOW 


30 
55 
12 
12 


35 
25) 
12 
12 


has the same brightness levels as the normal, and these do not change 
1n passing from red to green through intermediate mixtures, while 
the protanope shows marked darkening of the red, approximately 
Normal level of brightness for equal mixtures of red and green, and 


brightening of the green end to a small degree. 


A moderate deuteranope regarded himself as being a little colour 
blind, and said he tended to mistake purple for blue, was “ no good 
at greens” and had been told that he mistook sea green for grey. 

€ said by mistake that a purple coat was blue. He reported no colour- 
blind relatives. In the Ishihara Test he failed completely and would 
€ classed by it as “ totally green-blind ”. In the intermediates tests 
e had a very large range in the red-yellow test, being just able to 
distinguish the most saturated red from orange, but making no other 
distinction, In the green-yellow test he had a smaller range, only 
twice the mode, but a very big deviation to the green side (about 8 x 
Sigma). In this test he called the yellow “red” but failed to dis- 
tinguish green from the yellow-green standard. His performances 
On the blue-green and blue-red tests were almost normal. This sub- 
Ject did the red-green Rayleigh Equation as described in Chapter VI, 
and had a matching range of 15 out of 35 millimetres with no deviation. 
his being so he could not possibly be classed as green anomalous, 
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but must be viewed as a moderate deuteranope who has no deviation. 
Tt will be valuable to compare him with the truly anomalous sub- 
jects now. A 

Table 91 shows the deviations and ranges for the anomalous 
subjects in the red-yellow, and yellow-green tests, which are of special 
interest. It will be seen that the four green anomalous subjects all 
have large deviations towards yellow in the red-yellow test. These 
deviations are six or more times the standard deviation (sigma) for 
normal subjects. In the yellow-green test, however, one red anomalous 
and two of the green anomalous subjects have a small deviation 


TABLE gt 


RANGES AND DEVIATIONS OF ANOMALOUS SUBJECTS : 


Rep-YELLOW AND 
YELLOW-GREEN 


SUBJECT : RED-YELLOW TrsT YELLOW-GREEN TEST 
Sex Defect Deviation Range Deviation Range 
m G. Anom. +8:5mm, 2'omm. -+2:5mm. 14.0MM. 
m G. Anom. +7°0mm, 1.omm. —3'5mm. g:omm. 
m G. Anom. +7'0mm. 1mm. —3'omm. 25:omm. 
f G. Anom, +6omm. zomm. -+1-omm, 10'omm. 
m R. Anom. —gomm. 3mm. -+1:5mm. 14:0mm. 
m R. Anom. —7-omm. 


romm. —3'5mm. romm. 


towards green, while the other three have small deviations towards 
yellow. These deviations are between one and three times the stand- 
ard deviation. Both red anomalous subjects have very large deviations 
towards red in the yellow-red test. TIence we may say that large devia- 
tion is characteristic of the anomalous in the red-yellow test, whether 
it be towards yellow (for the green anomalous) or towards red (for 
the red anomalous). In the green-yellow test their deviations are small 
and not regular. On the other hand, matching ranges are small 
or normal in the red-yellow test, but in the yellow-green test 5 [6 
are very large. Big ranges are characteristic of the anomalous in this 
test and big deviations in the red-yellow test. This differentiates 
them sharply fromthe red-green blind, whether extreme or moderate, 
who always have a big range and sometimes a big deviation in both 
tests. It is striking that neither red anomalous subject is symmetric- 
ally opposite to the green anomalous. If they were we should expect 
them to show a big range in the red-yellow and a big deviation (to 
the yellow side) in the yellow-green test. The asymmetry of the 
results corresponds to an earlier finding, for normal subjects, that 
there tends to be a negative correlation between red and yellow 
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measured against the orange standard. Negative correlations are 
produced by deviations without range; ranges with variable deviation 
tend to produce no correlation; and ranges without deviation tend to 
produce positive correlations. It is remarkable that the first red 
anomalous subject, for whom the red was darkened, had a large range 
in the yellow-green test, but the second, for whom it was not 
darkened, had a normal range on that test. 


While we can say that in comparison with the normal the green 
anomalous subjects all show relatively greater sensitivity to red than 
to green, the red anomalous appear to show relatively greater 
Sensitivity to green than to red, and both tend to confuse green and 
yellow but not red and yellow. The difficulty of getting red anoma- 
lous subjects has been very great and these results will have to be 
confirmed on a larger number of individuals, and especially the 


red anomalous with red of normal brightness. 
Thus it would appear that the “ Intermediates” tests do not reveal 


any new characteristics of the colour blind, but they do reveal 
important new features of the anomalous, and further study of these 
may be valuable for problems of colour vision. 


Chapter 9 
THE FOUR-COLOUR TEST 


Ir was decided to set up the simplest test which would reveal 
efficiently the most frequent and important defects of colour vision. 
The nine-colour experiment showed that red, yellow, green, and 
blue must be tested, and that orange, yellow-green, blue-green, violet 
and purple could be neglected. If the test of violet and yellow-green 
had revealed yellow defects efficiently, this might have been better 
than the test of blue and yellow, because it would reveal the darken- 
ing of violet, which is sometimes found. On the other hand, it was 
clear that no subjects with darkened violet were normal in blue, and, 
since the measurement of the degree of violet-darkening was not 
important, whereas efficient testing of yellow might be valuable, 
it was decided to use the blue-yellow test and to omit from the 
short battery the yellow-green and violet test. About the red-green 
test there was no question; it was both satisfactory and essential. 

The choice therefore fell upon the red-green and yellow-blue 
tests. It was noticed, however, that the average mid-points of these 
tests were rather strongly tilted to the green and yellow sides respec- 
tively, while the matching ranges in the yellow-blue test were unduly 
large, since a number of subjects went right to the yellow end 
of the scale. Other points to be considered were that the number of 
filter changes could be reduced by careful planning of the technique, 
and that it would be better to use an ordinary half-watt lamp with 


standard daylight filters than the daylight blue lamp. Changes were 
therefore introduced which will now be described. 


DETAILS OF THE Four-Cotour Test 


The red-green and yellow-blue sub-tests of the nine-colour 


il half-watt lamp of 10° 
because it is much less 
-coil. Two Ilford 37/43 
uced, one on each side o 


; telescope lens and the opal screen, 1” 
the slots provided for additional filters. This gave a more adequately 
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standardised white light than that of the daylight blue lamps previously 
used, since the blue of these lamps is rather variable, not only from 
lamp to lamp, but also from one side of the globe of a single lamp 
to the other, owing to differing thicknesses of the glass. This 
brought the average mid-point of change in the red-green test down 
to about 19 mm. of right-hand slide reading, as desired, so that more 
Scope was now left for measuring green weaknesses. In order to 
bring the average mid-point of the yellow-blue test to about the 
Same position, the Ilford spectrum violet filter was introduced 
above the neutral filter on the left side for the yellow-blue test, 
replacing the yellow filter used in the red-green test. This enabled 
the standard grey spot of the yellow-blue test to be made faintly 
More blue than it had been before. The average mid-point of the 
yellow-blue test could now be tilted towards the blue end of the right- 
hand scale by adding a little violet to the standard left-hand spot. 
The most satisfactory position for the violet filter was now determined 
Y experiment on a preliminary group of subjects, so that the average 
mid-point for the yellow-blue test would be about 19 mm. of right- 
hand slide scale reading. This was found to be at 20 mm. of scale 
reading of the left-hand slide. The effect was not to make the spot 
Noticeably blueish, but simply to tilt the average mid-matching 
Point to the required degree to the blue side. Adequate head-room 
Was thus gained for testing yellow-weaknesses. Í i 
The arrangement of shutter openings was now adjusted to bring 
the average brightness of the red-green mixture down to about the 
Same level as that of the yellow-blue mixture at 19 mm. of right-hand 
slide scale reading for yellow and blue. This was done by putting 
the red and green filters in the left slide and the yellow and blue 
filters in the right, red and yellow below and green and blue above. 
hen the two slides were set at 19 mm., and the left shutter was adjus- 
ted until the brightness of the two spots appeared the same to selected 
Subjects. It was realised that this determination applied only to the 
individuals on whom it was made, but it certainly gave a better 
atrangement than with no such adjustment. The position for the 
left shutter was at 20 mm., and throughout the four-colour test 
the red-green spot was dimmed by setting its shutter at 22mm., which 
Made it about the same brightness as the yellow-blue spot in its 
Position of average grey mixture. 
The set-up for the tests was now as follows :— 
(1) Red-Green Test—R. Slide: Red below, Green above; 
. Slide: Neutral 1.02 below, Yellow above; Both shutters at 
20 mm.; Left slide at 35 mm.; R. Slide as required. 
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(2) Yellow-Blue Test—R. Slide: Yellow below, Blue above; 
L. Slide: Neutral 1-02 below, Violet above; R. Shutter open; L. 
Shutter at 10, 11 or 12 mm. or whatever brightness level required; 
L. Slide at 20 mm.; R. Slide as required. 

This arrangement enabled the neutral filter to be kept always 
in place, thus saving time in filter changes; it gave almost equal 
brightness of the spots for both tests, and it enabled the brightness 
control to be carried out always with the left shutter, and not some- 
times with the left and sometimes with the right, asin the nine-colour 


R. 
GREEN VIOLET BLUE 
NEUTRAL YELLOW 


COLOUR FILTERS COLOUR FILTE 
FOR THE i a 


FOR THE 
RED-GREEN TEST YELLOW-BLUE TEST 


Diagram XXIV. Colour Filters for the Four-Colour Test 
experiment. There were two other advantages, namely that all 


increases in L. shutter readings represented darkening of test colours, 
and vice versa, while all colour sensitivity readings were in standard- 
ised directions, i.e., 


decrease for red or yellow and increase for 
green or blue. After 


s preliminary trials the new technique appeared 
satisfactory and systematic testing was started. 


A further adjustment was made at this stage. An aluminium disk 
was cut out, with two sets of holes bored in it. These holes were 
arranged in pairs, the members of each pair being opposite each other- 
The disk was fitted in front of the lamp box, with a centre screw, 
so that it could be turned into any of the five positions. The pairs of 
holes then formed five different sizes of images on the opal screen : 
finch diam.; } inch diam.; 3 inch diam; ł inch diam.; 4 inch diam. 
Then five different sizes of light spots could be used for testing, 
to imitate signal lights at different distances, as with the familiar 
Edridge-Green lantern. Such a disk is easily made and fitted, and 
holes can be bored of sizes to suit any requirements, while there is 
no difficulty in arranging mirrors so that the test spots can be any 
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distance from the subject. Alternatively, if one shutter is closed, 
a single spot can be used for direct colour-naming tests. Thus the 
colorimeter was made comparable with the usual lantern tests. 


INSTRUCTIONS AND TECHNIQUE 


Apart from these changes, the method of carrying out the tests 
was essentially the same as before. The 4 inch diam. holes were used 
throughout. The red-green filter-pair was set at about 15 mm. slide 
reading, and the yellow-neutral pair at 35 mm. The room light was 
switched off, and excessive streaks of light from the apparatus were 
cut off by adjusting a black cloth, so that the room remained dimly 
lighted, as in previous experiments. The subject was then instructed 
as follows: ‘ This is a test of colour vision. Here are two spots of 
light. This (indicating it) we shall call the right-hand spot, and that 
(indicating it) the left. I want to find out how good you are at dis- 
tinguishing these spots by colour (or shade) alone. Are they of the 
same brightness (or intensity)? (If not, adjust the left-hand spot until 
the subject is satisfied that they are equal in that respect.) Can you 

_ see a colour difference now ? (If so) What is it ? Name the colours 
of the spots.” (If not, then the red-green spot must be turned towards 
the red end of the scale until the subject does see a difference, unless, 
of course, he is extremely red-green blind and does not see a difference 
at all, and then we shall have found out that he is defective.) 

Usually the red-green spot would appear redder at 15 mm. with 
normal subjects, and the test was started with them at this point or 
any other suitable point at which it appeared redder. In order to 
catch the subject if he has by any chance been warned, it is an’ 
advantage to start sometimes with the spot at a greener position, 
but the technique is essentially unchanged whichever way the test is 
started. The experimenter must on no account use any colour 
names not used by the subject, and must accept any colour names 
used by the subject, or distinctions made or not made by him, without 
any hesitation or surprise, and must on no account correct him. 
If the subject asks a direct question about the correctness of his 
judgments, the tester must say blandly that he does not know because 
he cannot see colours himself! This usually makes the subject laugh 
and lets him realise that no help is being given. 

As in previous experiments, the red-green spot is now changed 
step by step, usually one millimetre at a time, until it becomes 
equal to the left and then greener (or redder, as the case may be). 
With certain subjects the left or standard spot becomes redder before 
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the right becomes greener in appearance. This is taken as the point 
of change required. The majority find a colour match at about 19 mm. 
Certain subjects are doubtful and fail to find a point of exact equality. 
In this case the central position of their readings is taken arbitrarily 
as one of “ equality ”, and usually they are among the most normal, 
and it will be 19 mm., as with the majority. It is necessary to take 
this step because some hyper-critical subjects make difficulties 
for the tester by disputing the possibility of equality, and, as indicated 
before, some defective subjects try to defend themselves against 
detection by never admitting that two hues are identical. Through- 
out the test the brightness level of the left spot will be adjusted as 
required to maintain a continuous equality of brightness between 
the two spots, and care must be taken to make certain that the subject 
is not using the term “ brightness ” as equivalent to “ saturation ”. 
If the technique described is followed resolutely, colour-blind 
and anomalous subjects will not be missed, but it is as well to do 
another test because most of them want reassurance that no 
mistake has been made. As soon as it is realised that a subject is 
red-green blind, the test must be re-started with the red-green slide 
at zero, and a rough estimate must be made of his range, probably in 


5 mm. steps, or even 10 mm. steps if he is very defective. This 
estimate may then be narrowed do 


steps at the end points of his match’ 


separately to avoid fatigue and waste 
with all red 


matches are 
difference are entertained. Thi 
end. If the subject is a 
measured accurately, 
but with protanopes 
test is simply futile, b 
people call difference 


yond it they do not see 
e as “ greener ” in the 
both spots as “ green 

‘ green ” tothem. The critical 


oon as the point of change t° 
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anomalous, who tend to see the spectrum yellow as “ red”. For them 
the variable spot looks “ greener” until the point of equality is 
reached, then it is “ equal ”, and after this point it becomes relatively 
redder than the standard, which is a less saturated red for them. The 
intending tester will be well advised to experiment with a number of 
colour-blind and anomalous subjects in order to gain practical 
experience, provided he is not misled by results obtained on them 
previously with the Ishihara and other tests, which are often very 
confusing. 

For the yellow-blue test a similar procedure was adopted, 
Starting usually with the variable spot bluer than the standard, with 
the scale reading at about 25 mm. This generally gave the response 
“ bluer ” ifa brightness equality had been previously established with 
the left shutter at about 9 or 10 mm. Then steps were taken until 
the matching range was established, brightness being subject to 
readjustment at each step by opening the left shutter as the standard 
became less blue, equal to and finally more yellow than the variable. 
Often the yellower hue was called “ pink ” or even “ red”, and often 
the left spot changed to “ bluer ” before the right changed to “ yel- 
lower”, Any named or unnamed colour difference was accepted as 
“ different”, and the names used were recorded as they are often 
interesting. The steps in this test were usually of 1 mm., but with 
difficult subjects, or those with marked yellow-blue weaknesses, it 
Was often an advantage to use 2 or even 3 mm. steps, or to map out 
the matching range in 5 mm. steps as with the red-green blind in the 


Other test. The subjects were always encouraged to do their very 
s and not to fail to point them out to the 


best to see any difference f : 
however, are specially fatiguable, and a 


tester. Certain subjects, 
look-out must be kept up for them. 


SuBJECTS 


The four-colour test was carried out on more than 330 men and 
260 women, making a total of over 1,100 subjects tested in all the 
Experiments and tests described in this book. The men tested in 
the four-colour test, excluding five major defectives tested by Mr. 
Brown, included 26 protanopes (6 by chance), 39 deuteranopes 
(8 by chance) 42 green anomalous (11 by chance) ane 9red anomalous 
Subjects (1 by chance.) The women included 3 deuteranopes (all 
invite dl, g green anomalous (1 by chance) and 1 red anomalous 
(invited), together with 18 women who were invited because they 
Were known to have colour-blind relatives. Many of the subjects 
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tested were students in the Psychology Department, and a large 
number were Medical students. 
Throughout, the subjects were tested alternately with the red- 
green and the yellow-blue tests first, so that any effects due to order 
of tests were distributed. In general it was found that a quarter of an 
hour allowed time for testing an individual, inquiry about possible 
colour-blind relatives and about any difficulties or unusual experiences 
with colours in daily life, writing up of the test results, and sometimes 
it allowed time to do the Ishihara Test as well. For colour-blind 
subjects more time was often needed. Where necessary, a special 
appointment was made to deal with an unusually interesting subject 
at leisure, and all major red-green defectives were encouraged to 
discuss their experiences and possible difficulties and to give their 
opinions of the tests and of the justice of the conclusions drawn. 


DEVIATIONS AND Mrp-Pornts 


Table 92 and Diagram XXV show the frequencies of mid-points 
(or deviations) in the red-green test, in approximate multiples of the 
standard deviation, for all except major red-green defectives. It will 
be seen that the distribution closely approximates to a normal curve 
and that the difference between men and women is not significant. 


TABLE 92 
Mip-Pornts IN THE RED-GREEN Test 


SCALE READING IN MILLIMETRES 
RED DEVIATION ! l 


4 GREEN DEVIATION 
tol “sla | oona | 1 x siema eae ee 
14:5 15 15°5| 16 |16-5| 17\17°5 18 18-5| 19 19°5| 20 20 s\ailar-slaz 2275) 23 | Totals 
me tr [ele iba lal eale aa etalia tela te Tate 
w ie oli 4 | 3 fto] o |30] 26 [so] a6 124] > hol a lala 1 | 208 
Torats| 1 |1| 2 10 6 |20| 19 59| st |93 49 47| 1 | 7 je aj | 399 


The most extreme man subject could not be called red anomalous 
ause he passed the Ishihara Test with only three errors and there 
was no convincing evidence of a sex-linked red-green defect. Red was 
slightly darkened for him, however, and his mother had twice the 
modal range in red and green, though both his sisters were normal. 
His maternal uncle was reputed to have been red-green blind, but 
had been dead some years and there was no record of an efficient 
test on him. The present subject passed the Board of Trade Colour 


bec 
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Vision Tests and went into the Merchant Navy. More efficient 
investigation is required of cases like this, in order to find out 
whether the possible evidence of a sex-linked red-green defect can 
be established beyond doubt. 

The most extreme woman subject was unfortunately not given 
the Ishihara Test, and when she was tested it was not realised that 
she was just outside the + 3 X sigma limit. When this was found, 
two years later, on analysing the results, she could not be recalled 
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for additional tests. The other extreme deviants need not be dealt 
with in detail here. Since there are as many women as men in the 
groups falling between + and — 2—3 X sigma, it seems evident. 
that such deviations are not sex-linked. We are therefore justified 
in assuming that none of the extreme deviant subjects could reason- 
ably be classed as red or green anomalous. This is an important 
Point, because, when we do come to deal with the real anomalous 
subjects a very marked sex difference in frequencies is found. 

Table 93 and Diagram XXVI show the yellow-blue deviations 
grouped as multiples of the standard deviation. It will be seen that 
there are five men and one woman below the limit of — 3 x sigma 
and three women above the limit of + 3 x sigma. There is also a 
significant difference between the distributions for men and women, 
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which suggests that women are more often blue and men more often 
yellow deviants, but the difference of the mean mid-points is not 
significantly greater than zero. A study of the individual extreme 


TABLE 93 


DISTRIBUTION OF MID-POINTS IN THE YELLOW-BLUE TEST 


Scare READING IN MILLIMETRES 


YeLLow DEVIATION | BLUE DEVIATION 


Below 3 2-3 X 1-2 X + + 1-2 x|4 2-3 X| Above 3 


X sigma) sigma | sigma sigma sigma sigma |X sigma 
15and | 15'5- | 17-18 18-5- 21-22 | 22'5- |24 and | Totals 
less 16°5 20°5 23°5 above 
M 5 3 26 133 21 3 ° 191 
w I I Ir 151 33 8 3 208 
Tor. 6 4 37 284 54 Ir 3 399 
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to cause failure on any of the colour-vision tests in general use, while 
they appear to be much less than any form of sex-linked red-green 
defect (except in heterozygotes). In choosing persons for training 
in any occupation in which high colour sensitivity was required, 
however, it would almost certainly be an advantage to exclude all 
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Diagram XXVII. Four-Colour Test : R-G Matching Ranges : 
Normal Subjects; Millimetre Steps 


. such subjects. Their deviations are found to be very constant on 
testing over again with the same tests. To exclude only the redand green 
deviants would not be sufficient. The yellow and blue deviants must be 


excluded as well. 
MATCHING RANGES 


In Table 94 and Diagram XXVII the distributions of red-green 
matching ranges are shown for men and women separately. Here 
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the 18 women who were invited because they were known to have 
red-green blind relatives have been excluded. In the red-green 


TABLE 94 
RED-GREEN Matcuinc. RANGES: MEN AND WOMEN 
Rangeinmm. ı 2 3 4 5 6 7 Totals 
MEN 108 óir 15 6 I o o 191 
WOMEN 88 62 24 9 6 o I 190 
‘Tora. 196 123 39 15 7 o 1 381 


test any person with more than twice the modal matching range 
must be regarded as red-green weak, whether he has a large deviation 
or not. If he has a large deviation as well as a large matching range, 
then his colour weakness is so much the greater. About 11—12% 


of men and about 20% of women were red-green weak in this test, 
and this will be discussed in a later paragraph. 
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Table 95 and Diagram XXVIII show 
the yellow-blue test. In this test we can take 2—3 mm. range as the 
mode, and regard any subject with 6 mm. range or more as yellow- 
blue weak. About 15% of men and wom 


Mea ; en are yellow-blue weak 
on this criterion, and there is no sex difference. This seems tO 


the matching ranges for 
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correspond well with the findings of other tests, but the actual level 
to be used as a criterion of colour weakness will have to be settled 
by further experiments, and must always vary to some extent with 
the kind of task for which colour sensitivity is being measured. 
However, in the red-green test it is at about twice the modal range 
that the frequency of women begins to differ markedly from that 


TABLE 95 
YELLOW-BLUE MATCHING RANGES: MEN AND WOMEN 


Rangeinmm. 1 2-3 4-5 6-7' 8-9 | 10-15 | 16-20 Totals 


Men 32,94 3713 O jet | 2g 
WOMEN 33 89 38 16 6 Ba o 190 
TOTAL, 65 183 75 29 wo | ae | 2 381 


of men, and, as the women who differ at that level are probably 
heterozygotes for red-green blindness, there would appear to be a 
justification for taking this level as a criterion, at least for the red- 
green test. 

A careful study of the subjects with extreme matching ranges in 
both or either of these tests, shows that their defects are nearly 
always slightly noticeable in daily life, but do not amount to colour 
blindness in the sense of causing failure on one of the generally 
accepted tests, such as Stilling’s Tables. The most red-green weak 
women (excluding the anomalous and colour blind) are probably for 
the most part heterozygotes for major red-green defects, but their 
weaknesses are much less than the weaknesses of the homozygous 
women defectives. 

From a practical point of view the exclusion of all subjects 
who have matching ranges of more than twice the modal range from 
any training or occupation which calls for fine colour discrimination 
will be a great advantage, and any subjects who also have large 
deviations should be excluded all the more firmly. 


Rep-GREEN BLIND SUBJECTS 


There were sixty-eight red-green blind subjects in the series who 
did the four-colour test, and three of these were women. It has not 
been possible to include all these subjects in the diagrams. Table 96 
shows the frequencies of protanopes, deuteranopes and those who 
fell into the selected and invited groups. Since six protanopes and 
eight deuteranopes fell into the random sample of 217 men, there 
were about 2:8% of protanopes and 3*7% of deuteranopes, making up 

K 
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6:5% of red-green blind subjects (excluding, of course, all the 
anomalous subjects). In the use of Holmgren’s Wools Test it was 
often found that there were 3—4% of colour-blind men.! The most 
extreme protanopes and deuteranopes tend to fail on this test, 
but moderately and slightly red-green blind subjects (excluding 
the deviants, colour weak and anomalous) tend to pass. The 
Ishihara Test has increased the proportion of “ colour blind ” usually 
found to about 7:8% because it fails all protanopes and deuteranopes 
and the anomalous subjects as well. The doubtful failures on the 


TABLE 96 
Rep-Green BLIND SUBJECTS IN THE Four-CoLour TEST 
INVITED CHANCE 
Protanopes Deuteranopes “Protanopes Deuteranopes TOTALS 
MEN 20 31 6 8 65 
Women o 3 o o 3 


Ishihara Test are generally either slight deuteranopes, or red-green 
weak subjects who are probably neither sex-linked defectives nor 
women heterozygotes. The present test, which is more discriminat- 
ing, clearly differentiates the anomalous subjects and fails all the 
e it gives the 6-5% of red-green blind 
excluding the anomalous who will be 
blind women are included in the series, 


TABLE 97 i 
MATCHING RANGES IN MM. FOR Rep-Green BLIND SUBJECTS IN THE 
Four-CoLouR TrsT 


Red-Green Matching Range in mm. 


4-5 6-10 11-15 16-20 21-25 26-30 31-35 Totals 
Pror. 


o o 2 I 3 5 15 26 
Deut. 3 9 2 4 2 5 4 39 
Women Deur. I 2 o o o o o 3 
TOTAL 4 BE 4 5 5 Io 19 68 
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Table 97 and Diagram XXIX show the matching ranges for 
these red-green blind subjects, in the red-green test, while Table 98 
shows their matching ranges in the yellow-blue test. It is seen that 
there is a decided tendency for protanopes to be extreme rather 
than moderate, while deuteranopes are more often moderate than 
extreme. Evidently the majority of deuteranopes are less defective 
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Diagram XXIX. Four-Colour Test: Red-Green Ranges. 
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than any of the protanopes, though some of them are quite as defect- 
ive as the protanopes who are most extreme. Since there are few 
who fall into the middle groups of matching ranges, it is convenient 
to use about 16 mm. as a division between moderate and extreme 
defectives. 

In the yellow-blue test it is seen that the modal matching ranges 
for protanopes and deuteranopes are not greater than for normal 
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subjects, and there is no difference between protanopes and deuter- 
anopes in this respect. The red-green blind are just as sensitive 
to yellow-blue differences as normal people. One deuteranope 
showed a very marked weakness in yellow, but was only a moderate 
deuteranope, and it is quite certain that extreme yellow defects 


TABLE 98 


MATCHING RANGES IN YELLOW AND BLUE FOR RED-GREEN BLIND SUBJECTS 
IN THE FouRr-CoLouR Test 


YELLOW-BLuE Marcuinc RANGE in mm. 


1-2 | 3-4 | 5-6 7-8 | 9-10 | rita 13-14] 15 


| 20 | Totals 
| 

ProT. | 10 10- | 3 I 2 o o o | o 26 
Deut. 12 14 5 I | 4 1 o I | J 23 
Women | | | | 

Deur. | 1 I 1 gi o ° o o | o | ee 
Torak | 23 | 23 9 | 2 | 6 o I | I 68 

| 


be ee | i 
do not in general result from extreme defects in red and/or green. 
He explained that he had a tendency to confuse yellows and greens, 
and said that he once selected a yellow-looking trunk as being his, 
when on a Highland pier, after leaving a ship, only to find when he 
got home that it was not the right one, when his wife pointed out to 
him that it was green. 

The distribution of mid-points in the red-green test for the colour- 
blind subjects is shown in Table 99 and Diagram XXX. It is seen 


TABLE 99 
Mip-Points_ IN 


THE Rep-Green. TEST FOR CoLour-BLIND SUBJECTS 


RED-GREEN Mip-Pornts in mm, 
12:5-| 15- | 
6'5 14 | 16+5 


TZ | 19- | 21- | 23- | 25— 
18'5 | 20'5 | 22-5 24°5 | 26-5 | 27 | Totals 


Pror. ees S| ag | Sell ae acon sa], oe 
Deut. o o 2 12 39 
Women DEUT. o o o S 3 = 4 3 3 p 
TOTAL. .. I 2 7 29 Ir 5 5 rö 3 68 
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with very marked green deviations are deuteranopes, but not all with 
strong red deviations are protanopes. Hence this table gives more 
support to the view that protanopes should have red and deuteranopes 
green deviations, when their mid-matching points are not centrally 
placed, than other similar tables in earlier chapters. It still shows, 
however, that the mid-points would be useless as indications of the 
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Diagram XXX. Four-Colour Test: Red-Green Mid-Points. 206 Normal 
Men, 25 Protanopes and 38 Deuteranopes; Half-Millimetre Steps 


distinction between protanopes and deuteranopes. It may be remem- 
bered that in some of the red anomalous subjects the red end of the 
spectrum is not dark. It is possible that those deuteranopes who have 
a marked red deviation might be a special class of defectives. They 
might in fact be viewed as “ protanopes ” with red not darkened, 
if such a condition can be conceived. This would give us a third 
class of colour blind. There is, however, a decided indication of two 
kinds of deuteranopes, those with and those without marked green 
deviation, while some deuteranopes may have darkened green, but no 
examples of this condition have been met with in the present research. 
Similarly, there is always the possibility that green anomalous 
subjects might occasionally have the green darkened, just as there are 
red anomalous subjects in whom red is of normal brightness. It is 
an advantage for research that all such possibilities should be kept 
in mind, though cautiously. 
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The corresponding distributions of mid-points for the yellow- 
‘blue test are shown in Table 100. It will be seen that in this test both 
protanopes and deuteranopes tend to have normal mid-points, 


TABLE 100 


Mip-Pornts IN THE YELLOW-BLUE TEST FOR ReD-GREEN BLIND SUBJECTS 


Mrp-Porxts IN mm. YELLOW-BLUE 


12- 15- 17- 19- 21- 23- | 25- 

14°5 | 165 | 185 | 205 | 22-5 24'5 | 26-5 | Totals 
Prot... o I 10 12 I I I 26 
Deur. 3 o Io 18 5 o $ 39 
Women Deut.) >ò o I I I ° o 3 
Tora 3 | I 21 31 7 I 4 68 
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pes have exceptional yellow deviations. In 
were 6/399 such yellow deviants, and among 
3/39, which Suggests that there are more 
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of deuteranopes sampled is too small to be 
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BRIGHTNESS LEVELS OF THE R-GM 


TXTURES FOR PRoTANOPES AND DEUTER- 
ANOPES AT DIFFERENT Sr 


TTINGS OF COLORIMETER SLIDE 


Setting of R.H. Slide in mm. 
° 5 I0 


1S |20 | 25 | 30 | 35 ae 


% Red 100 | 85:7 | 71-4 
Mean Pror. 45| 79 
Brightness | Adjusted 
Level of to DEUT. 32] 56 
R-G 
Mixture Deut. 


57°2 | 42°8 | 28-6 | 14-3 | 0% 
12-0 | 159 | 20-6 | 23-3 25:6 | 2975 | 22 
8:5 | 11-3 | 14-6 16:3 | 18-2] 20-9| 22 


20°9 | 20'9 | 20°9 | 20-9 20°9 | 20-9 | 20-9 | 20:9] 31 


of the red-green mixture at Various proportions of red to green for 
22 protanopes and 31 deuteranopes. It js clear that the spectrum 
red (slide scale setting =o mm.) is very much lower in mean brightness 
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level for protanopes than for deuteranopes, and that its brightness 
gradually rises as green is added, reaching the same level at 20 mm. 
scale reading and then becoming even brighter when the extreme 
green end of the scale is reached. At the extreme red end of the 
scale there was a scatter of brightness levels for protanopes from 
1-0 to 12:0 mm., and for deuteranopes from 15:0 to 300 mm. As 
these two sets of readings do not overlap, further calculations of 
the statistical significance of the difference between their means is 
not necessary. Protanopes are undoubtedly subject to a very marked 
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Diagram XXXI. Darkening of Red in Protanopes 


darkening of the red endof the spectrum compared with deuteranopes, 
and the two classes are statistically quite distinct. This was shown by 
von Kries and Donders and discussed by Parsons, and it is supported 
by data obtained by Chapanis with the Bausch and Lomb spectro- 
photometer.? The brightness level of the red-green mixture rises 
steadily for protanopes towards the green end of the scale, whereas 
for deuteranopes it does not change. Thus the protanope who had 
a brightness level of 12 mm. L.H. shutter reading at the R.H. slide 
reading of zero, rose to 35 mm. shutter reading at the extreme green 
end of the scale, whereas the deuteranope who had 15 mm. shutter 
reading at the red end still had 15 mm. at the green end. It is evident 
therefore that there is no danger of confusing protanopes and deuter- 
anopes, even if the deuteranopes show a low brightness for red, 
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because the protanopes always show a marked increase toward the 
“green end, however high they may start at the red end. 

: It is of considerable interest that protanopes show an average 
brightness level for spectrum green higher than that of deuteranopes. 
Thus for 31 deuteranopes the mean brightness level of spectrum green 
was 20 9 mm. shutter reading, ranging from 15 mm. to 30 mm., while 
for 22 protanopes it was 29:5 mm., ranging from 20 o mm. to 35 mm. 
These sets of readings give a Statistically significant difference be- 
tween the two means, and this calls for an explanation, which is not 
easy to find, but may depend on the relative brightnesses of the differ- 


ent parts of the spectrum for the two types of red-green defectives. 
The standard used in these brightn 


u 
adjusted, are shown in the row bel 
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DISTINCTION OF ANOMALOUS FROM RED-GREEN BLIND SUBJECTS. 


Eleven of the deuteranopes require special mention because their 
matching ranges overstep the normal mid-matching point on 
the green side and do not include it. These would therefore possibly 
be open to confusion with green anomalous subjects. Of these 
eleven, 3 subjects who had the largest green deviations, also missed 
the normal mid-matching point by the largest amount. Their point 
of change from “ redder” to “ equality ” with the yellow standard 
Was at 22+5 mm. slide reading, whereas the normal mid-matching 
point was at 18-79 mm. They had, however, a matching range of 
5*0 mm., whereas the largest matching range among the green anoma- 
lous subjects was no more than 3-0 mm., and the lowest point of 
change from “ redder ” to “equality” among them was 23-5 mm. 
Hence the distinction between moderate deuteranopes and green 
anomalous subjects is never difficult, though there are a few who 
tend to link up the two conditions. 

In the same way, one subject was found who might have been 
classed as red anomalous instead of as a protanope. His point of 
change from “ equality ” between the red-green mixture and the 
yellow standard was at 125 mm. scale reading, while the normal 
mid-matching point was at 18-79 mm. He, however, had a matching 
range of 12 mm., whereas the largest matching range found among the 
red anomalous was no more than 5 mm. Again there is no real 
difficulty in the distinction, though certain subjects tend to bridge the 
gap. In general, the fact that a subject’s matching range does not 
include the normal mid-matching point is not in itself sufficient 
evidence to class him as anomalous rather than colour blind. He 
must also have a very much smaller matching range than any red- 
green blind subject, and not much larger than the average matching 
range of the anomalous. y J 
_ In carrying out these tests those subjects who might be classed 
In the wrong group must be examined with care, especially to deter- 
mine the true limits of their matching ranges. If the range is large, 
their vision involves a considerable amount of red-green confusion, 
and they should be classed as red-green blind even if it does not 
include the normal mid-point. If it is small and also fails to include 
the normal mid-point by a very large margin, then they should be 
classed as anomalous. As explained before, the mode of colour change 
which takes place as we pass from the “ redder ” (or “ greener ”’) 
Stage through the stage of “ equality ” to the “ greener ” (or “ red- 
der”) stage is different in the anomalous and the moderately colour 
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blind, and a careful attention to the way in which the colour names 
-are used in doing the test by each individual will be of great assistance. 
The colour vision of the anomalous is like that of the normal, but 
very strongly deviated to the green or red side of the equation as the 
case may be, while the colour vision of the colour blind involves 
considerable (or extreme) confusion of reddish with greenish 


mixtures, the amount of confusion depending on the degree of the 
defect in each individual. 


ANOMALOUS SUBJECTS 


Fifty-three anomalous subjects took part in the four-colour 
test. Eleven of them were red and 42 were green anomalous. Table 
102 shows that 11 green anomalous men and one woman were found 
by chance, while 22 men and 8 women were invited. In the 
red anomalous group 2 women and 8 men were invited, while 
1 man was found by chance. The Proportion of green anomalous 


TABLE 102 


ANOMALOUS SUBJECTS IN THE Four-Cotour TEST 
GREEN ANOMALOUS RED ANOMALOUS 
By Chance Invited By Chance Invited Totals 
Men = ay TT 22 I 8 aa 


WoMEN .. on I 8 o 2 I1 


subjects found by chance in thi 


é e complete sample of 217 men 
is therefore 5:1%, while the pro 


i > portion of red anomalous subjects 
is 46%. These proportions give a total of 12% of major red-green 


defectives in the sample of 217 men if the red-green blind are included. 
‘However, in the other experiments of this research the proportions 
were unduly low, and if taken altogether they even out satisfactorily 
in comparison with figures given by Vernon and Straker,+ Grieve® , 
and Geddes.* This will be discussed in the concluding chapter. 


TABLE 103 
MID-MATCHING POINTS ror Green ANOMALOUS SUBJECTS IN THE R-G 
TEST 

Mid-Point 3 
in mm. 245 25 25:5 26 265 27 27°5 28 28-5 Totals 
Men G-ANom. 1 T 4 9 3 Io 4 I o 33 
Women G- 

ANOM. o I o œ öğ I 3 < x 9 
TOTAL I 2 4 9 


3 iL 7 4 iï 42 
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Table 103 and Diagram XXXII show the distribution of red- 
green mid-points for the green anomalous, and Table 104 and Diagram 
XXXII show the corresponding mid-points for the red anomalous. It 
will be seen that the modal red-green mid-point for green anomalous 
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subjects is 27-0 mm. of scale reading. This is far beyond the most 
extreme deviations for normal subjects (deviants). The least extreme 
of green anomalous subjects had a mid-point of 24:5 mm., while the 
Most extreme normal deviant subject has it at 22-5 mm. In the same 


TABLE 104 
M1p-Marcutne Ponts FOR RED-ANOMALOUS SUBJECTS IN THE R-G TEST 
Mid-Poi 
in ty 6 75 9 1o 10s x11 Totals 
Men R-Anom. I I I 3 I 9 
Women R-ANoM. 2 o o o o o 2 
TOTAL 3 I I 3 2 I si 


way, the modal matching point for red anomalous subjects is about 
Io mm., and the least extreme of them has his mid-point at 11 mm., 
while the least extreme of the red deviants among normal subjects 
has 14-5 mm., as his mid-matching point. Hence we can say definitely 
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that the red and green anomalous subjects form two groups statistic- 
ally separate from the normal in terms of their mid-matching points 
in the red-green test. 

The mid-matching points for anomalous subjects in the yellow- 
blue test averaged 18 75 mm., ranging from 17.5 up to 23.5 mm. This 
mean is not statistically different from the mean mid-matching point 
in yellow and blue for the normal population, and the red anomalous 

` were not statistically different from the green anomalous in this 
test. It is clear that anomalous subjects do not differ in deviations 
from normal people except in red and green. 

Table 105 and Diagram XXXIII shows the red-green matching- 
ranges for red and green anomalous subjects. It will be seen that 


TABLE 105 


RED-GREEN MATCHING RANGES ror RED AND GREEN ANOMALOUS SUBJECTS 
R-G Matching Rangeinmm. 1 2 3 4 Totals 
G. Ano. MEN I5 TH, 4 3 33 
Women 4 4 I o 9 
ME e 
R. Anom. Doa A z 5 I 9 
Women I o I o 2 


29 out of 33 green anomalous men have matching ranges of 2 mm. 
or less, and all the green anomalous subjects have ranges of 3 mm. or 
less. This distinguishes them from the red-green blind subjects, 
only one of whom had a matching range of less than 5 mm. in red and 
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green. One subject was green anomalous, but his mid-matching 
point in red and green was 24 5 mm., while there were several deuter- 
anopes with green deviations as large or larger than this, who will 
be distinguished as “ deviant” or “ anomalous” deuteranopes. They 
were all clearly distinguished from the green anomalous subjects by 
the magnitude of their matching ranges, as explained in a previous 
section. 

Two of the red anomalous subjects who had the darkened red 
of the protanope were classed as red-blind by the Ishihara Test. 
As shown previously, the average brightness level of the Ilford 
spectrum red filter for deuteranopes in the four-colour test was 
20-9 mm. shutter reading, and does not differ from that of normal 
subjects, while the corresponding brightness level for protanopes was 
4'5 mm. Table 106 shows the degree of darkening of this filter for 


TABLE 106 


DARKENING OF THE RED FILTER IN SEVEN OUT OF FOURTEEN RED 
ANOMALOUS SUBJECTS 


Sex R-G Mid-Point R-G Range Red Brightness 


mm. mm. Level 
M 10°0 3:0 21°0 
M* 13'0 be) 20'0 
M 75 4:0 20'0 
M 100 3:0 20:0 
M 10°5 2°0 20:0 
Ẹ 6-0 1-0 150 
M IIO axe) 40 
F 6:0 370 7:0 
M* 10°5 2'0 50 
M g'o 2'0 5'0 
M 10ʻ0 3'0 50 
M* 120 3:0 3:0 
M 10°0 30 370 
M 6:0 3°0 3°0 


(*From the Nine-Colour Experiment) 


14 red ' anomalous subjects, including 3 from the nine-colour 
test, though the conditions were not strictly comparable. The 12 
Subjects may be divided into 3 groups: (a) red not darkened; 
(b) red slightly darkened; (c) red fully darkened. Those in group 
b) are comparable with 9 normal subjects (6 at 16 mm. and 3 at 
15 mm. shutter reading)in whom the red was also slightly darkened. 
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If therefore, we divide the 14 red anomalous subjects into groups 
(a + b) on the one hand and group (c) on the other, we can compare 
them, and find that the difference between the means of these 
groups is significantly much greater than zero (using Student’s 
method for small samples). In 7 of the 14 red anomalous 
subjects, therefore, the red is darkened to a statistically significant 
degree in comparison with the remainder and with normal subjects. 
No correlation is found either between red deviations and darkening 
of red or between red-green matching range and darkening of red. 
Correlations calculated from these figures are not of much value, but 
they would have to be very large indeed to be statistically significant, 
so that there is not the least suspicion that darkening of the red has 
any connection with red deviation in these subjects. This is an 
important point against the trichromatic theory. 

One red anomalous woman was previously tested by Miss Agnes 
Crawford, and was a failure on the Ishihara Test, with 14/24 errors, 
though she was able to read all the figures in the plates which are 
intended to distinguish protanopes from deuteranopes, because 


she had red of normal brightness. The other was found by Miss 
M. C. Donaldson. 


In the four-colour test both proved to be extremely red anomalous, 


having a very large red deviation and a range of no more than one 
millimetre. They also called the Ilford Spectrum Yellow Filter 
“red”, which is characteristic of the red anomalous, just as the green 
anomalous tend to call it “ green”, The first had no known colour- 
blind relatives, but it is quite possible that her mother and father 
had both contributed genes for the red anomalous condition to her 
constitution, and that she was homozygous for that defect. This 
is suggested because it would be consistent with the appearance of 
no defect in either of her parents, since the anomalous condition 
„often passes quite unnoticed, whereas had her father been a protanope, 
for instance, it would be more likely to have been noticed. 

Later it will be seen that there are several ways in which parents 
of apparently normal colour vision might have a red anomalous 
daughter, on the two locus theory of the inheritance of red-green 
defects. For example, the mother might be a normal heterozygote 
for the green anomalous condition, and the father, as explained in 
discussing a similar case in Chapter VII, might carry genes for two 
defects together, such as green anomaly and red anomaly in different 
loci of his X chromosome. Such parents could have a daughter 
homozygous for red anomaly, but heterozygous for green‘anomaly at 
the same time, and she would probably be red anomalous. 
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FATIGUABILITY AS A FORM OF DEFECT 


There were several subjects to whom it will be worth while to 
devote some attention here. : 

The first was a man who made four errors on the Ishihara Test, 
but in the red-green equation he had a matching range of 8 mm., 
and of ro mm. in the yellow-blue equation. There seems to be a 
difference between a subject such as this, who is extremely colour 
weak, and those who are least colour blind, whose tendency to 
colour confusions is much greater, so that they make about fifteen errors 
on the Ishihara Test, although their matching ranges on the red- 
green equation might be 8 mm. or even less. He was unaware of any 
difficulties in daily life. 

There was a very similar subject who had as big a red-green range 
but his yellow-blue range was much less: 4 mm. Hemadenoerrors 
onthe Ishihara Test. A third made seven outright errors on the Ishihara 
Test and gave seven alternative readings where there were different 
figures for normal and colour blind. He had a range of 7 mm. in red 
and green and of 10 mm. in yellow and blue. This subject knew that 
he had a slight difficulty with colours, and said that while he was doing 
the four-colour test the spots of light tended to fluctuate much in the 
same way that after-sensations tend to fluctuate. In comparing the 
Ilford Spectrum Blue and Blue-Green filters he considered the 
blue-green to be “green”. In comparing the blue and violet 
filters, however, he called the blue filter “ greenish blue” and the 
violet “ a richer blue though not purple ay 

None of these three subjects could find any evidence of colour 
blindness in their families, and, while the colorimeter test appears to 
class them as extremely weak, the Ishihara Test is indecisive or classes 
them as normal. A similar subject in the nine-colour experiment made 
one mistake in the Ishihara Test, but knew that he had slight difficulty 
in naming colours, especially desaturated shades in the Holmgren 
Wools, and had weak dark adaptation. He had a matching range of 
5 mm. in the red-green test. 

Another interesting subject made eighteen errors and gave two 
alternative readings in the Ishihara Test. His yellow-blue vision was 
Normal, but in the red-green test he showed extremely marked 
fatiguability. He started the test with a small range and a deviation of 
about 5 mm, to the green side. This, coupled with the Ishihara Test 
result, raised suspicions that he might be anomalous. As the colori- 
meter test proceeded, however, his red-green discrimination rapidly 
weakened, and after three ascending and descending series of readings 
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his deviation became almost zero and his matching range increased 
to 8 mm. He was very short-sighted, but this is never sufficient to 
account for an abnormal colour test result, especially when corrected 
by glasses as it was in this subject. j 

In all these cases it seems that we are dealing with a form of 
defect slightly different from ordinary colour weakness on the one 
hand and from colour blindness on the other. It certainly cannot be 
confused with anomalous colour vision, but might be explained best 
as due to rapid fatiguability of red-green discrimination. Such 
fatiguability is certainly also present among some of the anomalous 
and colour-blind subjects, but it is not a general characteristic of 
them. Marked fatiguability might be an additional form of colour- 
vision defect, and the fact that all the cases brought forward here to 
illustrate it were men, hints at the possibility that it might be sex- 
linked. In order to test this possibility, it would be necessary to find 
how many women showed a similar defect, first proving that they 
were not heterozygotes for red-green blindness or anomalous colour 
vision. 

From the point of view of practical colour- 
it is important that every individual who ha 
matching range (or deviation) 
given the Ishihara or Stilling ( 
make fifteen or more errors int 
the person had an ordinary 
so few as six or fewer errors 
extremely colour- 


vision testing, however, 
s an exceptionally large 
in the red-green test should also be 
or some similar) Test. A tendency to 
he Ishihara Test favours the view that 
sex-linked red-green defect, whereas 
favours the view that he is simply an 
weak subject belonging to the normal population. 
If, however, rapid fatiguability is actually observed and even measured. 
in the colorimeter, it may be evident that this is the true cause of 
defect, whatever the result of the Ishihara Test. Fatiguability is 
therefore a clinical sign for which we should always be on the look- 
out when testing, and, if it is found, an effort must be made to 
distinguish between it as the main cause of defect and its incidental 
appearance as added to red-green blindness or anomalous colour 
vision. Hence a rating for fatiguability should be given for every 
individual who is classed as having any marked form of abnormality 
of colour vision. In difficult cases it would appear that great clinical 
skill is called for, especially if the subject being tested is temperament- 
ally difficult, but fortunately such Subjects are seldom found. Whether 


the tester is fully satisfied that he has drawn a distinction betwee? 
fatiguability, colour weakness and a major red-green defect in any 
given case, however, all subjects concerning whom there are serious 
suspicions of extreme fatiguability for red-green vision should be 
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classed as “unsafe”, especially if they have abnormally large 
matching ranges in yellow and blue as well as in red and green. 


Sex DIFFERENCES 


It has been shown in previous chapters, and in letters to 
Nature,?:8 that women with known colour-blind relatives were 
significantly more often red-green weak to a slight extent than 
women taken at random. This carries the implication that red-green 
blindness must be an incompletely recessive Mendelian character 
(though sex-linked), because a large proportion of the women with 
colour-blind relatives must be heterozygotes for the defects in question. 
Ford® has listed red-green blindness as-a sex-linked recessive with 
occasional heterozygous manifestation. He explains that there is 
“some evidence that the gene for colour blindness is at least 
partly expressed in the heterozygotes. Its frequency in women is 


therefore above expectation ”’.?° 
In the present experiment there were 191 men and 185 women 


with normal colour vision (but otherwise chosen at random), and 
18 women with known colour-blind relatives. The subjects were 
grouped to compare men with women selected at random, and these 
women in turn with the women who knew of colour-blind relatives. 
The chi-squared technique showed that there was a higher proportion 
of women than of men in the random samples, who had more than 
twice the modal red-green matching range, on a probability level 
of less than o-oor, although the modal matching range was the same 
for both sexes. Similarly, there were more women with twice the 
modal red-green matching range among those with known colour- 
blind relatives than among the random sample of women, on a prob- 
ability level of less than 0-01. In yellow-blue vision there were no 
significant differences in matching ranges, either between men and 
Women taken at random or between women at random and women 
with colour-blind relatives. 

If we take Vernon and Straker’s' figure of 7-31% of major 
red-green defectives among the men in Glasgow and the West of 
Scotland, which seems to be a likely proportion compared with other 
estimates for their frequency among white people, we may assume 
the truth of the single locus theory, which will be reconsidered in 
Chapter X, and expect about 13° 57% of heterozygotes for sex-linked 
defects among the population of women for the same area. In a 
sample of 185 women taken at random, we should expect about 25 


heterozygotes. In the random sample of 185 actually tested in this 
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experiment there were 18 more women with over twice the modal 
red-green matching range (not of course, the 18 women with colour 
blind relatives) than there were men with more than twice that range 
in the sample of 191 men. This proportion does not differ signifi- 
cantly from the 25/185 heterozygotes expected, and it therefore 
confirms the reliability of the test. In selecting women with more 
than twice the modal red-green matching range we are picking out 
a great proportion of the heterozygotes. Since there were 40 women 
with that matching range in the sample of 185, and 22 men in the 
sample of 191 men, the chances that any given woman with twice the 
modal red-green range is a heterozygote will be about x in 2. This 
shows that although the test is a useful guide, where a woman might 
be suspected of being a heterozygote, it is not capable of detecting 
individual heterozygotes with any reliability. There is some evidence 
that women are more often blue and men more often yellow deviants, 
but apart from this no sex differences were found in ranges or mid- 


matching points for yellow-blue vision or in mid-matching points for 
red-green vision, 


“Dark” AND “ Farr” 


The subjects tested were all classi 
test into two groups, “dark” and “ fair”, on the basis of the 
predominant impression of skin and hair pigmentation. In the 
whole group tested (including some additional subjects not included 
in the calculations Previously mentioned) there were 181 dark 
(94 men and 87 women) and 224 fair (98 men and 126 women) making 
up 405 in all, excluding major red-green defectives, This suggests that 
women are more often fair than men, but the difference is not sufficient 
to be statistically significant. All these subjects’ points of change 
from “redder”, “ greener ”, “ yellower ” and “bluer” than the 
standard spot on the four-colour test to “ equality” with it were then 
grouped, each set of points into two Categories, high and low, in 
four tables showing how many subjects in each category for each 
colour were dark and how many fair. In this way it was possible to 
compare the proportions of fair and dark who had and had not any 
weakness in each of the four colours tested. No Significant differences 
were found for any colour, though there was a Statistically insignifi- 
cant tendency for the fair to be weaker than the dark in red and blue- 
As far as normal subjects are concerned, therefore, no evidence 


favouring the hypothesis that Pigmentation is connected with colour- 
vision defect was found. 


fied at the time of doing the 
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In order to test more carefully the hypothesis that darkness of 
Pigmentation may be connected with colour-vision weakness, the 
colour blind and anomalous subjects were also classified into “ dark ” 
and “fair ” like the normal subjects. The proportion of dark to 
fair among them was found to suggest that more fair than dark were 
major-red-green defectives, but the difference from the proportion 
of dark to fair in the normal population was not significant. It was 
concluded that fair subjects are as often major red-green defectives as 
dark. 


RACIAL DIFFERENCES 


The Jewish and non-European subjects shown in Table 107 
were given the four-colour test. These subjects were then grouped 


TABLE 107 
Jews AND Non-EuroPEANS IN THE Four-CoLour TEST 
Jews Indians West Africans 
MEN 2 o 10 
WOMEN v 2 I 


according to the magnitude of their matching ranges, and compared 
with 191 normal men. No differences sufficient for statistical signi- 
ficance were found between the group of 22 subjects shown in the 
table and the normal men either for red-green or for yellow-blue 
Matching ranges. If, however, the West Africans were taken as a 
Separate group, they were found to be significantly more often 
yellow-blue weak than the men in the European group of 191 
subjects, 

The Jews and Indians in one group and the West Africans in 
another group were then compared with the normal European 
Population in réspect of mean matching points. There were no 
differences. These groups were also compared with the European 
group in respect of differences between the standard deviations of 
red-green and yellow-blue mid-matching points. Again no signifi- 
cant differences were found. 


Tue COLOUR VISION OF CHILDREN 


A survey of children mainly from Glasgow, Ayr and the South 
West of Scotland was undertaken by Mr. Robert Brown. This 
had two main aims: (1) to apply the Ishihara Test to as many 
children as possible in order to compare the proportion of major 
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red-green defectives with the percentage in the adult population, 
and (2) to test a number of the children with the colorimeter in 
order to compare their red, yellow, green and blue vision with the 
colour vision of adults. 
Mr. Brown found that there was no difficulty in persuading 
children to take part in the research, though with the younger 
children there was some difficulty in establishing rapport for the tests. 
There was a considerable language difficulty, especially in the 
use of the words “ brightness” or “ intensity ” and “same”. For 
most of the children the phrase “ when there are no differences in 
brightness” had no meaning, This difficulty was overcome by 
asking, “ What is happening to the right-hand spot of light ? ” as 
it was reduced in intensity until almost completely shut off and then 
increased again. One or two such movements were usually sufficient 
to find a word which implied brightness. Throughout the rest of the 


experiment the word preferred by the child being tested was then 
used. 


The children’s difficulty with the word ‘ 
tended to imply without differentiation “ 
colour ”, and in so doing they took no a 
sense of slight variations of hue. This d 
asking near the beginning what was the 
(in the red-green test). For example, if 


“same” was that they 
same brightness ” or “ same 
ccount of shade used in the 
ifficulty was surmounted by 
colour of the left-hand spot 
the response were “ green” 
ir of the right-hand spot was 
© spots were the same green. 
urs of the child’s shirt, vest, 
point at issue. 

lity to do the tests probably 
ce. It was not found possible 
ge the Ishihara or Colorimeter 


ing 7:43% of boys and 0-46% 
differ from the percentages fo 
of Scotland, and show that red 


quent among children than among adults, With the colorimeter the © 
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proportions of different types of major defectives shown in Table 109 
were found. 

In order to test the possibility that minor colour defects might 
be more common among children than among adults, which was 


‘TABLE 108 


NUMBERS OF CHILDREN ‘TESTED BY Mr. ROBERT BROWN WITH ISHIHARA 
AND COLORIMETER 


NUMBERS OF CHILDREN TESTED 


AGE: 5 to 5} 53+ toir |114 to1st+ TOTALS 


Sex: Boys | Girls | Boys | Girls | Boys | Girls | Boys Girls | Both 


Ishihara and 


Ishihara only; 50 30 | 269 123 | 125 63, | 444 | 216 | 660 
Colorimeter: 13 12 41 


13 27 ty 81 36 | 117 


‘TOTAL oa 63 42 | 310 


136 | 152 | 74 | 525 |.252 |777 


suggested by Tucker’s work with Lovibond’s Tintometer, compari- 
sons were made with the adult populations who did the four-colour 
test, excluding major red-green defectives. It was found by the 
Chi-squared test, that there were no significant differences from the 


‘TABLE 109 


FreQuEeNcirs OF Major DEFECTIVES AMONG CHILDREN: 81 Boys AND 
36 GIRLS. *INVITED (SISTERS OF GREEN ANOMALOUS GIRL FOUND BY CHANCE). 


AGE: 5 to 5$ 54+ tor 11+ to15+ ‘TOTALS 
Sex: Boys | Girls Boys | Girls | Boys | Girls | Boys | Girls 
Protan.: I o 1 | o | I o 3 o 
euteran.: o o I K o 2 o a o 
+ Anom.: o o | 2* s I I 1+*2 


adult frequencies, in the proportions of boys or girls in either of the 
age-groups, 54 + to 11, or 11 + to 15 +, who had two or more times 
the modal matching ranges in the red-green or in the yellow-blue 
tests. The distributions of deviations in the red-green and yellow- 
blue tests were tabulated for boys and girls separately, in both the 
age-groups mentioned above, and these did not differ significantly 
from the corresponding distributions for adult subjects. In general 
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it was concluded that the colour vision of children down to about 
five years of age does not differ in any way from that of adults. 


FACTORIAL ANALYSIS OF COLOUR SENSITIVITIES 


As in the previous experiments, intercorrelations were worked 
out between colour weaknesses, the measurements being taken 
from the zero (or maximum) of the colorimeter slide scale to the poini 
of change from “redder”, “ yellower ”, “ greener” or “ bluer 
than the standard to “ equality ” with it, Similarly brightness levels 
were measured for each subject at the normal mid-matching point 
for each colour pair, and these were intercorrelated with the colour 
sensitivity measurements, the effect of the unwanted colour being 
partialled out. This gave 46 x 6 table of intercorrelations which 
was factorised with the result shown in Table r10. Here the brightness 
level measurements were intercorrelated with the colour sensitivity 
measurements and factorised together with the other intercorrela- 


tions, instead of being grafted upon the table of colour sensitivity 
factor loadings after the main factorisation.12 


TABLE 110 


Factor-Loapines IN THE FOUR-COLOUR TEST: 357 NORMAL SUBJECTS 


Colours and Factor Loadings 


Brightness Levels I IT II 
RED 070 +767 —:226 
YELLOW 007 +'Io4 —:451 
GREEN “121 —683  —-069 
BLUE “459 —061 +236 
Y-B Brightness “179 — 268 +395 
R-G Brightness "252 +141 4-115 


This table confirms Previous results, 
and, as in the nine-colour experiment, i 


e general factor it is clear that brightness 
Loss of sensitivity to blue 
This might be interpreted by 
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saying that when blue loses saturation it becomes darker, or by saying 
that loss of blue saturation and loss of brightness are not effectively 
discriminated by the subjects of the test. In the first bipolar factor 
the main links are between red and the red-green brightness level, 
and between green and the yellow-blue brightness level. In so far 
as brightness is affected by the red-green factor, we may say that 
loss of saturation of red corresponds to loss of brightness in the 
red-green axis, while loss of saturation in green corresponds to loss 
of brightness in the yellow-blue axis. In the second bipolar factor 
both brightness levels correspond to loss of blue saturation. A general 
interpretation of the brightness level saturations might be as follows : 
Loss of saturation of blue and to a lesser extent of green tends to be 
identified with or causes loss of brightness; loss of saturation of 
red has a small effect of the same kind; loss of saturation of yellow 
has the opposite effect to a moderate degree. 

Such an interpretation would support the general observation 
that subjects with blue weaknesses tend to confuse blue with dark 
grey, and this is to a lesser extent also true of green and red, whereas 
subjects with loss of yellow sensitivity tend to confuse yellows with 
light greys or white. On the whole, however, the brightness satura- 
tions are small, and there is good reason to think of brightness as 
determined independently to great extent, though it is linked with 
blue more than with any colour. 


BRIGHTNESS AND SATURATION OF RED, YELLOW AND GREEN IN 
Rep-GREEN DEFECTIVES 


In this experiment protanopes, deuteranopes and anomalous 
subjects were given tests measuring the saturation of red, yellow, 
green (and blue, which was not used in the present calculations), 
and of the photopic brightness levels of these colours as represented 
by the corresponding Ilford Spectrum filters. Correlations were 
worked out by the product-moment formula between red and green, 
red and yellow, and green and yellow saturations, for all groups 
except the red anomalous, and by the rank difference formula for 
them, Similar correlations were worked out between red and its 
brightness level for protanopes and the red anomalous, and between 
green and its brightness level for deuteranopes and green anomalous 
subjects, These correlations are shown in Table 111. Those marked 
with an asterisk are statistically significant on the o-or level. 

The correlations. between saturations and brightness levels are 
Not significant even on a lenient level, though all are positive. They 
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do not provide any evidence that the degree of loss of saturation 
of the hues in question are directly related to the brightness levels 
of the same hues for these groups of defectives. 

It is true that protanopes as a group have the red end of the 
spectrum extremely darkened in comparison with deuteranopes and 
green anomalous subjects, but the variations of this loss of brightness 
aré not proportional to the corresponding losses of red saturation. 


TABLE 111 
BRIGHTNESS AND Hue Saturation CORRELATIONS FOR Mayor R-G 
DEFECTIVES 
(*Significant on o-o1 level) 


DaS 
N Subjects | Tests Corr. 
i} 
24 Protanopes | Rand G saturation te +:652* 
| Rand Y saturation cre —-228 
G and Y saturation a — 002 
R and its brightness es +182 
36 Deuteranopes R and G saturation re +-458* 
R and Y saturation zi +167 
| G and Y saturation z +094 
| G and its brightness s +:276 
38 Green Anomalous| R and G saturation Ae —+589* 
R and Y saturation on — 1034 
G and Y saturation ne +077 
G and its brightness ee +143 
14 Red Anomalous R and G saturation Se —'412 
R and Y saturation fei —'021 
G and Y saturation E +149 
R and its brightness rw) H383 


The correlation between red and its 
the red anomalous. In deuteranopes 
among whom green is not darkened re 
greatly desaturated, there is still no 
saturation and the variations of its b 
These facts create considerable d 
holtz theory, or any three-colour t 
brightness variations for primary hu 
Other writers have attempted to mi 


brightness is not significant for 
and green anomalous subjects, 
latively to the normal, although 
correlation between this loss of 
rightness level. 

ifficulties for the Young-Helm- 
heory on which saturation and 
es should be perfectly correlated. 
eet these difficulties, particularly 
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Piéron,? and the facts here reported are entirely in accordance with 
the factorial analysis of colour vision and brightness level variations 
of normal subjects and with Granit’s data based on electroretino- 
graphy.!4 

Further difficulties for the Young-Helmholtz theory are created 
by the positive correlations between red and green saturation losses 
among protanopes and deuteranopes, which are significant on the o-or 
probability level, and which confirm the view that these subjects 
are not to be regarded as “ red ” and “ green ” blind, but both as 
red-green blind, as pointed out by Rivers’ in 1900 and by Rayleigh!* 
in 1881, in spite of which the terms “red” and “ green ” blind 
still persist. The difference between the red-green blind and the 
anomalous subjects is well brought out by the fact that the correlation 
between red and green saturations among them is negative and 
significant, as it is among normal subjects. 

On the Young-Helmholtz theory it is equally difficult to understand 
how it can be that no correlations appear between either red or green 
and yellow saturations for any of the groups of major defectives. 
This again confirms what has been found among normal subjects. 
Although according to this theory yellow should be produced by the 
Combined effect of red and green sensations, its saturation varies 
independently of losses of red and of green among all major red-green 
defectives as well as among anomalous subjects and the normal 
Population. 

Facts such as these, which appear to be incompatible with the 
Young-Helmholtz theory, will be found to accord readily with 
expectations based on a four-colour theory in which red-green and 
yellow-blue receptors operate in two pairs, and in which photopic 
brightness is determined at least to a large extent by an independent 


system. 
BINOCULAR COLOUR COMBINATIONS 


The results of factorial analysis of the ratings for completeness 
of fusion of nine colours in binocular combination, made by thirteen 
normal and abnormal subjects according to the technique described in 
Chapter 1, are shown in Table 112. These subjects all took part 
in the four-colour experiment. The factors „are interesting 
because they show which colours are most and which least difficult 
to combine binocularly, by subjects with seven different types of 
colour vision, the ratings of the normal subjects being averaged before 
factorisation. It would be unwise to try to draw definite conclusions 
from these figures without more extensive experiments first, 
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The general factor shows that all nine colours have a considerable 
binocular combining tendency, about the same for all types of colour 
vision. Blue-green has the greatest combining tendency for all 
subjects except the green anomalous and the red anomalous with 
red of normal brightness, and for them yellow had the heaviest 
loading. The colour least easily combined with others varies from 


TABLE 112 


BINocuLarR CoLour COMBINATIONS : Seven Normal 
and Six Defective Subjects (Decimal Points Omitted) 


lours Combined 
Type of Ba 
Subject Factor 


Ro y zd e | se) a |) | & 
Average I 735 | 687| 794 806 | 796 | 861 785 738 | 723 


of 7 I |+535 |+407 |—132 |—439 |—547 |—306 |—039 |+141 |+481 

Norm’s | III |—284 |—s08 |—559 |—175 |—065 |+260 |-+s595 |-+584 +241 
| 

Green I | 737| 804| 925| 839| 845| 8ọr| 764| 828| 858 

Anom- II |—188 |—350 |—265 |—264 —412 |+383 |+576 |+414 +208 

alous III |-+592 |+152 |—157 |—481 |—208 |—165 |—136 |-+162 |-+233 

Dev’nt I | 701| 775 | 805 775 | 789 | 924 | 641 | 686 612 


Deuter-} II |—308 |—566 |—504 |—378 |—447 |-4+400 |+666 |-++603 |+544 
anope II |+453 |+266 |—239 |—309 —322 |—176 |—o60 |—242 |-+63° 


Ordin’y I | 823| 726| 850] 876| 876| 918| 754| 78r| 696 
Deuter-| II |—393 |—519 |—451 |—234 |—344 |+152 +593 +551 |+636 
anope II |+189 |+302 |—134 |—313 |—096 —159 |+237 |-+065 |—089 


R.Anom/ I | 653 | 759| 851 | 791| 821 | 805 | 607| 653 | 639 


Normal Il |—414 |—593 |—522 |—432 —417 |+494 |\+710 |+616 |+559 
Red II |+543 |+236 |—053 |— 463 337 1356 +158 +079 |+097 


R. Anom I 633 | 798 | 827 | 826 841 | 913 | 712| 668| 799 


Dark’d H |—471 |—613 |—564 —400 |—314 |+315 |+742 |+763 |+549 
Red II |+479 |-+074 |+061 |—351 |—414 pee ie +216 |+253 


Protan- I| 694| 746| 759| 721| 662| 8 678 | 682 | 759 
ope II |+124 |—188 |—192 |—141 |—193 Pe ree +177 |+107 
III |—496 |—146 |-+233 |-+317 |—303 |+222 +245 [+128 |—199 


beams 


orange in normal subjects, to red in the green anomalous, purple in 
the deuteranopes, blue in the red anomalous with red of norm 


brightness, red in the red anomalous with darkened red and gree? 
in the protanope. 


The first bipolar factor shows that for normal subjects colours , 


of the red-green groups are more difficult to combine binoculat!Y 
than yellow-blue colours, while the second bipolar shows that in ? 
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minor way yellow-blue colours are more difficult than reds and greens. 
Thus, when the general combining tendency and the red-green 
difficulty have been eliminated, there remains the difficulty with 
yellow and blue, and this, of course, is linked up with the probability 
of a difficulty with colours of widely different brightnesses, but since 
we have not done an experiment with greys of equal and differing 
brightnesses this is not certain. Both bipolar factors show that 
primary opposite colours are more difficult to combine than neigh- 
bours on the colour circle. 

For all the red-green defectives the reversal of the order of 
the bipolar factors shows that the yellow-blue colours are more 
difficult to combine for them than the red-green groups. For normal 
subjects the yellow-blue colours are difficult, but reds and greens 
more so; for the red-green major defectives the position is reversed. 
The red and green anomalous subjects are alike on the whole, which 
shows that this experiment is not a test sensitive enough to distinguish 
between them. For the green anomalous the red-green factor is tilted 
in the direction red to yellow-green. The deviant deuteranope differs 
from them in the narrowing of the scope of the red side of the red- 
green factor, which for him includes only purple, red and orange, 
and is tilted in the direction of purple to yellow-green. The green 
side of this factor tends to be narrowed in the red anomalous. 

In the protanope and the ordinary deuteranope certain opposites 
are coupled in the red-green factor. Purple is united with green 
for the deuteranope while green is united with red for the protanope. 
This corresponds with the well-known facts that purple and green 
both tend to be colourless for the deuteranope, while red and 
green (though it is usually blueish green) tend towards grey for 
the protanope. These opposites are therefore combined more easily 
in binocular pairs than either colour of each pair is combined with 
its neighbours. r 

This experiment supports the four-colour theory by showing 
that even in major red-green defectives the contrasting functions 
of the red-green and yellow-blue receptor systems are not lost. 
The balance of their contribution to colour contrasts in visual 
experience is tilted heavily towards yellows and blues, however, as 
shown by the factorial analysis of colour sensitivities in Chapter 7, 
and illustrated diagrammatically in colour in the Frontispiece. 
Although reds or purples and green combine easily for the colour 
blind, they unite in contrast to yellows and blues, and this is evidence 
that their receptor systems continue to operate. For the anomalous 
the capacity for red-green differentiation is still present although it 
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takes a minor place for them in comparison with the place it takes 
for those with normal colour vision. 

In consequence we may say that the combining tendency of reds 
(purples) and greens for the colour blind, which corresponds to their 
difficulties in daily life in distinguishing these hues, must be explained 
in terms of the relative failure of the receptor system to react differen- 
tially to the light waves in question. Since there is this failure, both 
stimuli tend to be represented by yellow sensations, but this does 
not mean that either the red or the green receptors are out of action, 
because this would not produce sensations indistinguishable from 
yellow. ` Similarly, the combining tendency of purples or reds and 
greens in the defectives does not lead to the inference that yellow in 
the normal is produced as a sensation only by the additive effects of 


„red and green responses, since yellow is still present as an independ- 
ent factor in the red-green blind. 


RELIABILITY 


In order to gain an estimate of the reliability of the four-colour 
test 36 of the subjects (16 men and 20 women) were re-tested with 
exactly the same technique. The interval between testing and retest- 
ing varied between two hours and two years, and no connection was 
found between length of interval and reliability on the re-test. Of 
these subjects two men and one women were green anomalous and 
one man was red anomalous, while one man was an extreme protan- 
ope. Ordinary inspection showed readily that the test was not less 
reliable with these subjects than with those having normal colour 
vision. In addition two men and one woman had extreme weaknesses 
in yellow, but the test was not less reliable with them than with normal 
subjects. The coefficients of reliability are shown in Table 113: 
All the colour correlations were calculated between the points of 
change from “ redder”, “ greener’, “ yellower ” or “ bluer ” than 
the standard to “ equality ” with it in the two tests. The brightness 
coefficients were calculated between the brightness levels of the 
colour pairs in question at the average mid-matching point. All 
the coefficients are well above the level for statistical significance 
ona probability of o-o1, for the number of subjects tested. 

The coefficients are reasonably high, especially those for red and 
green, which are certainly the most important from a practical point 
of view. In the red test 28/36 readings were unchanged on the re- 
test; in the green test 19/36; in both the yellow and blue test® 
14/34, and most of the changes which did occur were very small. 
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Reliability coefficients as low as -6 are not sufficiently high for com- 
plete confidence to be placed in the test, and it would be an advantage 
if the yellow-blue test could be improved still more. The first 
difficulty with the yellow-blue test is that variations in yellow and 
blue saturation are easily confused by the subjects with brightness 
variations. It is doubtful if any improvement in the test can over- 
come this difficulty, which would still hold, even if a yellow and blue 
filter of quite equal brightness were used. A second difficulty is the 


TABLE 113 


RELIABILITY COEFFICIENTS IN THE Four-CoLour TEST 


Reliability 

Test Coeff. N 
Red ‘930: 35 
‘978 36 

Green -969 36 
Yellow “611 32 
925 34 

Blue -687 34 
R-G brightness ‘610 36 
Y-B brightness +736 34 


readiness with which yellow and blue combine to produce grey, and, 
indeed, this is perhaps essentially linked with the first difficulty. 
The matching range is therefore always rather large in yellow and 
blue, and more reliable results might be obtained by any technique 
which reduced it. For this two possibilities might be exploited : 
firstly that larger steps might be taken for all subjects in doing the 
yellow-blue test, and this possibility could be explored experimentally ; 
secondly that the yellow and blue pair might be changed slightly so 
that they matched a standard of distinct hue, say green or pink, 
instead of pure grey. For example, violet and yellow or orange and 
blue would match a faintly pink standard, while yellow-green and 
blue or blue-green and yellow would match a faintly green standard. 
Then the hue discrimination introduced might sharpen the points 
of change and give the subject a steadier result. A test of violet has 
much to recommend it, though violet is such a dark hue that a rather 
polychromatic filter would have to be used (such as the Ilford 
Spectrum Violet), and of the four possible pairs mentioned as alterna- 
tives to yellow and blue it is likely that yellow and violet matched 
against a pink standard made by mixing some red with the neutral 
grey would be the mostuseful. The nine-colour experiment suggested 
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that a test of violet and yellow-green would be less revealing of 
yellow-blue defects than the simple yellow-blue test. The violet- 
yellow test has not been studied. 


RELATION WITH THE ISHIHARA TEST 


In order to compare results obtained with the Four-Colour Test 
and the Ishihara Test a number of red-green blind, anomalous, colour- 
weak, deviant and normal subjects were tested with the 25-Plate 
version of the Ishihara Test (Japanese printing) as well as with the 
Four-Colour Test. The results of the two tests are shown in Table 114- 
The protanopes and deuteranopes are divided into moderate and 


TABLE 114 
NUMBERS OF Errors MADE on THE ISHIHARA Test By VARIOUS SUBJECTS 
SUBJECTS ISHIHARA TEST RESULT: 

CLASSIFIED BY THE Four- Average No. Number 
Cotour Test of Errors Scatter Tested 
Moderate 20.5 18—23 3 

Pror: 

Extreme 24 o 15 
Moderate 21 4—24 19 

Devt: ` 
Extreme 24 o 5 

GREEN ANOMALOUS 18 8—24 25 

RED ANOMALOUS 22 14—24 DI 

DEVIANTS 3:5 o—8 18 

CoLour WEAK 4.5 o—12 14 

NORMAL 35 o—8 II 


the division being made at a matching-range of about 16 mm., those 
with a larger range than this being classed as extreme. This was 2 
satisfactory dividing line because there were few subjects with ranges 
of about this magnitude. The subjects with deviations of 2 x sigma 
or more were classed as deviants (anomalous subjects taken separately), 
while those with matching ranges of more than twice the modal 
range were classed as colour weak. Two of the subjects listed were 
both colour weak and deviant on these principles and were in conse- 
quence counted twice over, but they both made fewer than the aver- 
age number of errors on the Ishihara Test. 

It will be seen that the Ishihara Test fails all extreme deuteranope> 
and protanopes with 24 errors out of 24. Moderate protanopes an 


e- 
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deuteranopes tend to make rather fewer errors, but cannot be dis- 
tinguished satisfactorily on the Ishihara Test from the subjects 
with extreme defects, because a considerable number of them also 
made 24 errors, and the one who made only 4 errors was very excep- 
tional. Apart from him the smallest number of errors made by a 
colour-blind subject was 13. The anomalous subjects, again, are 
distinguished neither from the extreme nor from the moderate 
protanopes and deuteranopes. Seven out of eleven red anomalous sub- 
jects made 23 or 24 errors, and only five green anomalous subjects 
made fewer than 17 errors. Hence the Ishihara Test does not 
clearly separate these groups of red-green defectives. 

The colour weak made an average of 4.5 errors, while the deviants 
made an average of 3-5 with one exception at 8 errors. These types, 
clearly distinguished by the four-colour test, are not satisfactorily 
separated by the Ishihara Test from the normal subjects, who made 
on the average 3-3 errors with one exceptional subject at 8 errors. 

In general, the conclusion may be drawn again, that the Ishihara 
Test is an effective cut-out mechanism which fails all major red-green 
defectives (with a few exceptions) and passes all normal, colour-weak 
and deviant subjects (again with a few exceptions). If a failure level 
of at least 12/24 errors be required, then it may be assumed that very 
few will be failed who ought to have passed and very few passed who 
should have failed. It is still an important and difficult question 
how many colour-weak and deviant subjects, who would pass the 
Ishihara Test, ought to be considered as dangerous or slightly 
dangerous in occupations involving the use of red-yellow-green signal 
systems, and what sorts of duties they might have a difficulty in 
performing. Such a problem can be settled only by careful experi- 
mentation. 

A further interesting point about the Ishihara Test is its relative 
inability to distinguish decisively between those subjects with and 
those without the darkened red of the protanope. Seventy-nine 
colour-blind and anomalous subjects did the Ishihara Test, and Table 
115 shows that for only 33 of them was the Ishihara Test decisive 
in respect of the distinction mentioned. That is to say, no more 
than 13/24 deuteranopes, 4/19 protanopes, 11/25 green and 5/11 
red anomalous subjects were decisively and correctly classified as 
having or not having darkened red. It would seem therefore that 
estimates of the relative numbers of protanopes and deuteranopes 
based on the Ishihara Test may be very unreliable. This is a con- 
‘clusion supported by data given by Chapanis,® and is to be expected, 
because the Ishihara Test does not provide a variable darkness of 
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grey with which to compare the red being tested, whereas the degree 
of darkening of the red end of the spectrum is very variable in differ- 
ent protanopes {though the red is always much darker than it is in 
deuteranopes). In addition, about one half of the number of red 
anomalous subjects do not have the red of the spectrum darkened, 
and the Ishihara Test fails to distinguish them from deuteranopes 
though their colour vision is completely different. 


TABLE 115 


INDECISIVENESS OF THE ISHIHARA Test IN DISTINGUISHING DARKENED 
AND Norma. RED 


Subjects Decisive Indecisive Totals 

Deut: Moderate 10 9 19 
Extreme 3 2 5 

Pror: Moderate o 4 4 
Extreme 4 Il 15 

Green Anomalous II 14 25 
R. Anom.: R. Normal 3 3 6 
R. Dark 2 3 5 


Finally, two typical green anomalous subjects were tested, both 
of whom were extreme blue deviants, with yellow-blue matching 
points of 25 mm., and ranges of 1:0 mm. Of these the first had been 
tested several times in the R.A.F., and was classed as “ colour blind ” 
on the pseudo-isochromatic tables, and as “ defective-safe ” on the 
lantern test. At first he had been passed. The second was passed 
by the R.A.F. in 1941, and became a pilot. In the laboratory the 


first made 20 errors on the Ishihara Test, but the second made 
only 9 errors, and, unless some h 


probably have been passed with no 


daylight blue filter, which 
blue vision by subtracting yellow, 
mplete failure on this test. With 
lanation did not apply because he 

he blue filter, and so we see the 


which made the orange dots m 
these subjects, but with anothe 
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was different for unknown reasons. If the critic suggests that the 
fault may have been with the Four-Colour rather than with the 
Ishihara Test, then it must be said that the green anomalous condi- 
tion is extremely marked and could not possibly be mistaken for 
anything else except perhaps for that of a very deviant deuteranope 
who had a small matching range, and he would be even more 
defective. Undoubtedly the confusion was due to the Ishihara Test. 


PRACTICABILITY OF THE Four-CoLour TEST 


It will be useful at this stage to point out the advantages of the 
four-colour test as a practical instrument. ‘They are as follows :— 

1. It is of simple construction and can be made in standardised 
form out of easily obtainable materials. 

2. It is portable and can be set up in any room which can be 
darkened and has a normal electricity supply. It could be adapted 
without much difficulty to use with motor-car batteries and would 
then be independent of the electric mains. 

3. The technique of testing is a simplified form of the limiting 
method, and can be learned easily by anybody. So long as the stand- 
ardised technique is applied, and no liberties are taken except those 
specifically allowed, the results of testing by different individuals 
will be comparable. 

4. Each subject can be compared directly with the standard 
tables of scores representing the results for the population at large. 
In this way the well-established principles of individual psychology, 
as employed in intelligence testing, can be applied to colour vision. 

5. The test efficiently differentiates colour-weak and deviant 
individuals in the normal population, and distinguishes protanopes, 


deuteranopes, red and green anomalous subjects clearly from the 


normal group and from each other. 

6. The test ‘compares the normal population with major red- 
green defectives on the same scale. 

7. The red-green part of the test is very reliable, and the yellow- 
blue part less reliable, but both parts are valid in the sense that they 
measure the four colours which have been shown to be the principal 
variables in human colour vision. 

8. For shortening of the test the yellow-blue part may be 
omitted where red-green vision is the only concern of the tester. 

9. With all normal subjects the whole test can be carried out 
in 10 to 15 minutes. Some colour-defective individuals require 
longer, and in order that they should feel that they have been 
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adequately dealt with they should be given an additional test, such as 
the Ishihara. 


10. The Four-Colour ‘Test can be applied to children over five 
years of age. 

Taking all these points into account the difficulties of using the 
test are less than the difficulties of using other standard colour tests, 
while the efficiency, reliability, validity and scientific adequacy are 


vastly superior. It is also much more competent as an instrument for 
scientific research on colour vision than any colour test known to the 
writer, 


Chapter 10 
GENERAL CONCLUSIONS 


IN this chapter a general summary will be given of the experiments 
and the conclusions to be drawn from them. In all, more than 1,100 
individuals were examined by tests based upon the Rayleigh equation 
and by other tests where opportunity offered. All these subjects 
were tested individually and many of them were questioned in detail 
about their experiences with colour in everyday life. This number 
included 155 men and 23 women who were major red-green defect- 
ives. A proportion of the defectives were obtained by chance and 
the remainder were invited. The colour vision of relatives was 
studied wherever possible. The central aims of the research were : 
(a) To set up tests by which individuals with all types of colour vision 
could be compared according to the accepted methods of the 
study of individual differences in psychology; (b) To examine the 
bearing of the results upon the problems of theory; (c) To study the 
inheritance of individual differences of colour vision. 


PROBLEMS OF TESTING COLOUR VISION 


ted with a problem not met with 


In colour vision we are presen 
h as intelligence testing which are 


in other branches of psychology suc 
more familiar. Generally the variations to be measured are grouped 


M a normal distribution with a fairly large standard deviation, like 
Intelligence quotients. - Intercorrelations between. tests are for the 
Most part positive. Thomson points out that this would be expected, 
because ability at one task tends to be coupled with at least some 
ability at others.1 One of the psychologist’s greatest problems— 
Perhaps still unsolved—has been that of separating abilities. In 
colour vision, however, the majority of individuals vary little amongst 
each other and are almost equally sensitive, so that the standard 
deviation is very small and a test effectively separating them is very 
difficult to make. About 7% or 8% males among Whites are extremely 
different from the majority, and actually form six sub-groups, all of 
which are extremely different fromeach other. Correlations combining 
these statistically distinct groups would not have any meaning, and 
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the groups must be dealt with separately. At the same time, corre- 
lations worked out for the statistically uniform groups are often 
strongly negative, as between measures of red and green sensitivity. 
In consequence, on the one hand the population is split up into at 
least seven sub-groups, and on the other hand there is little general 
ability for colour discrimination and we cannot say that capacity to 
distinguish red will predict capacity to distinguish green, yellow or 
blue, as we can say that the ability to express the meanings of words 
will predict (to a great extent) capacity for problem solving in general. 
Thus the differentiation of verbal and practical abilities from general 
intelligence is a completely different problem from that of separating 
colour-vision variations. General intelligence is largely undifferen- 
tiated, but has certain minor sub-divisions, while colour sensitivities 
are highly differentiated but based on a small generalised component. 

While the discontinuous nature of colour vision variations has 
made certain special difficulties for the tester, it has also made crude 
colour-vision tests possible. There is a gap between normal subjects 
(including the deviant and colour weak as defined in this book) and 
those who have major red-green defects. The common tests of 
colour blindness operate at the level of this gap, and among them the 
wools, beads and probably the lantern tests are relatively less and the 
pseudo-isochromatic tables are relatively more efficient. The 
general effect of these tests is to separate the normal, deviant and 
colour weak from the anomalous and the colour-blind subjects- 
The less efficient tests tend to group the anomalous subjects with 
the normal, while the more efficient group them with the colour blind. 
Unless this gap were a prominent feature of colour-vision variations, 
such crude tests could never have been of any practical service. 
The position would have been like trying to do intelligence testing 
with a single test battery which passed all subjects of intelligence 
quotient above 70 and failed the remainder. The higher group would 
be viewed as “normal” and the lower group as “ defective”. The 
variations within the “normal” group would be so great that such 
a test would be almost useless, but in colour vision the variations 
within the “normal” group are so small that such a method has been 
of considerable practical service. 

The problems of colour-vision testing never could be compared 
adequately with those of intelligence testing, however, because 
mental age increases with chronological age during childhood and 
toa less extent in adolescence, whereas colour-vision sensitivity seems 
to be Tittle if at all affected by age. In intelligence testing broadly 
there is only one kind of defect of outstanding interest, though there 
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is a small amount of variation in relative degree of mathematical, 
verbal and spatial ability, while in colour vision there are six distinct 
forms of major defect, not to mention small variations in the bulk 
of the population which occur in four different ways. 

While the gap in sensitivity variations has made crude testing for 
colour blindness easy, it has made thorough testing difficult. Those 
tests which separate the major defectives from the bulk of the popula- 
tion are far too easy for normal subjects, and do not distinguish 
between variations among them. The same tests are far too difficult 
for the major defectives and fail just as completely to separate their 
sub-classes effectively. A certain number of subjects are indecisively 
placed, but these are not necessarily the true intermediates. In 
addition, the tests could not show us between exactly what extremes 
they were intermediate, because there are several extremes, none of 
which is clearly distinguished from the others by these tests. 

It is therefore necessary to have a test for the major defective 
group which will separate them effectively into their sub-classes. 
There must also be a test which will do the very same thing for the 
bulk of the population, who are not major defectives. The normal 
group are highly sensitive and vary little among themselves, whereas 
the colour blind are highly insensitive and vary much. Unless the 
same test could be applied to all groups, there would be no way of 
making a direct comparison between them, but to make a single 
test battery which would do this has been a technical problem which 
has caused experimental psychologists great difficulty. For the 
normal group it calls for an adequate psycho-physical technique 
for sensitive threshold measurements. The same test must be 
applicable in a sufficiently flexible way to suit the most extreme 
defectives. To the best of the writer’s knowledge these peculiar 
problems have never been solved before, and this is the main reason 
why there is so much confusion about the nature and relative magni- 
tude of colour-vision defects. 

A further difficulty is due to the special nature of colour-vision 
defects themselves. A simple threshold test for ability to distinguish 
a given hue from grey of equal brightness, in terms of saturation, 
does not work. Its failure is due to three simple facts : (1) That 
diminished sensitivity to certain colours, red and green, does not 
make them less and less distinguishable from neutral grey, but they 


usually become more and more yellowish; (2) That variations in red 


and green tend to occur in two forms, (a) of increasing difficulty in 
distinguishing them from a standard yellow, and (b) of great changes 
in the balance between them; and (3) That the same two modes of 
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variation are also found in the yellow-blue pair, but the standard 
to which they approximate as they weaken is now grey and not yellow. 

Several forms of simple threshold test for colour were tried 
out with the colorimeter or anomaloscope. One of these involved 
measuring the thresholds for the discrimination of red, orange, 
yellow, yellow-green, green, blue-green, blue, violet and purple from 
greys of equal brightness. In another form of the test red, orange, 
yellow-green and green were tested in comparison with a yellow 
standard of equal brightness, while yellow, blue-green, blue and violet 
were compared with a standard grey. These tests failed to discrimin- 
ate the colour weak from the major red-green defectives, and were 
therefore abandoned, after being applied to preliminary groups of 
subjects. 

There is another and more narrowly psycho-physical difficulty 
in the way of simple threshold tests for colour sensitivity. The 
gradations between neutral grey and any given hue in terms of satura- 
tion are very fine, as also are the gradations between such hues as red, 
yellow, yellow-green and green and a standard yellow. Anybody 
who has seriously studied threshold measurements will know that 
numerous repetitions are necessary before a reliable mean value can 
be obtained. With major defective subjects the margin of uncertainty 
is increased greatly. For practical testing it would be unduly labor- 
ious and fatiguing to carry out threshold tests of this kind. The 
method of desaturating a hue with its opposite or complementary, 
which has been employed throughout this research, utilises far more 
decisive saturation changes. This method also reveals natural differ- 
ences of colour sensitivity where the simple threshold technique would 
fail. Therefore the tests are within the bounds of practicability. 
All these points about the nature of the variations of sensitivity 
to be tested and the technique of testing them can be explained 
clearly at this stage, but only because the experiments previously 
described have been carried out. The writer did not know beforehand 
what complications would have to be faced. 

Further difficulties of colour-vision testing may be described 
as “clinical”. Normal, deviant and colour-weak subjects, who 
form the bulk of the population, seldom present any difficulty to 
the tester. In dealing ‘with the colour weak there is the possible 
danger of giving them the benefit of the doubt, or of allowing them 
to learn how to do the tests by secondary cues in the course of repeated 
attempts. For these reasons it is recommended that the test should be 
as short as compatible with a reliable result. However kind the exam- 
iner wishes to be, he is advised to take the worst rather than the best 
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performance if there is any doubt. Nevertheless it is impossible to 
lay down any perfectly rigid rules in this matter, and only experience 
will give the necessary guidance. It is not recommended as a valid 
principle of mental testing in general to take the worst rather than the 
best performance as typical. This principle applies to colour-vision 
testing because of the peculiar condition to be faced, namely the 
ease with which the subject may learn to do the test by guides or 
cues external to the capacities being tested. This is so well known 
to colour-vision testers and has been mentioned so often in the past 
that it need not be stressed again. Whether it is a principle applicable 
in any other fields of testing depends upon the particular concrete 
problems to be faced in each field, and on the special manner of 
standardisation of the test which is being used. 

_ In addition there is another point of difference between colour- 
vision testing and, for example, intelligence testing. Our interest in 
weaknesses and defects of colour vision almost invariably centres 
about the problem whether a subject might make a certain degree 
or kind of error, and it is more important to us to know the worst 
rather than the best performance of which he is capable. This will 
always be necessary while life depends on the use of colour signals. 

n intelligence testing we wish to know the best of which he is 
capable, : 

The major red-green defectives present many clinical problems to 
the tester. Often they are experts at hiding their defects. No subject 
May be allowed to avoid being tested on any pretext, however 
Plausible. The more he presses his excuses the more suspicious we 
2ecome, One red-green blind man always had a train to catch when 
Invited to do the test. If not asked to be tested, however, he was 
ready enough to have a chat over a cup of coffee. In the actual test 
Situation, persistent doubts or unusual difficulties in agreeing that 
two hues might be alike, or problems arising from claims of quite 
€xceptional sensitivity, are always to be viewed with suspicion. Here 
again, nothing but experience can guide the tester, because some 
pal people are obstinately particular aħd will never agree that two 
ei of colour are alike. If excessive caution is shown by the subject 
= a normal colour match, he is under suspicion, whereas if he 
i S excessive caution in making a peculiar match, then he is almost 

€rtainly abnormal. The difficulty will then be to decide the exact 
ee and extent of his abnormality, but experience shows that this 
ic libel greater rather than less than either the subject or the tester 
ae y to suppose. Hence it is better to err on the side of an over- 

ate than an under-estimate of the defect. Since we have to 
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deal with human individuals, it is quite impossible that colour-vision 
testing will ever be reduced to terms of a purely mechanical 
science. Those who are not good clinical workers will never be good 
testers. 

A proportion of major red-green defectives appear to have what 
might be described as fluctuating sensitivity. This was described 
clearly by a protanope who was tested while this section was being 
written. He said that he was usually unable to distinguish a red 
object on a green background, such as a golf tee in the grass, unless 
it was pointed out to him, Then he was able to see it clearly as red. 
Similarly if a red figure on a green background in the Ishihara 
Test were outlined with the back end of a pencil he became aware of 
it, but it soon faded again from his vision. Fluctuations of sensitivity 
lead to some confusions in testing, because the subject will sometimes 
make correct judgments of the hues of the spots of light in the colori- 
meter, and sometimes he will fail surprisingly. In these cases it is 
only safe to take the extremest range within which gross errors occur 
as the measurement of the subject’s defect. If colour blindness were 
not a dangerous defect it might be possible to take a more lenient 
view, but there are two serious objections to this: (a) that those with 
fluctuating colour blindness are in fact the most dangerous, because 
it is possible for them to appear sometimes as if normal; (b) that these 
subjects, like the anomalous and the moderately red-green blind, 
are definitely among the sex-linked defectives, and there is no 
scientific justification for confusing them with the normal population. 

Finally, it must be said that those who “ dodge ” are not all 
conscious or intentional dodgers, and many children are experts 
at unintentional dodging. Only an exceptionally objective-minded 
and self-critical protanope, or one who had an unusual impulse to 
make an exhibition of himself, would be ready to agree that pillar- 
boxes might be called ‘“ black” just as well as “red”. With experi- 
ence one learns many of the unintentional dodges which people 
tend to use in their efforts at self-protection. The writer was correct 
in his surmise that a boy, whose mother said that he had been brought 
up in the country and had not the same opportunities as other boys 
to learn the names of colours like violet, magenta and some kinds of 
green, would be a deuteranope. No mother would think of saying 
such a thing about her son unless he had made some errors which 
other people had also noticed, and the colours she named were among 
those which a deuteranope often finds difficult to distinguish. 
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OBJECTIONS TO Group TESTING 


E Unless better methods than any in use at present are found there 
is no hope for group testing of colour vision. Attention may be 
directed to the three outstanding objections to group testing, because 
many people who feel that it would be a great advantage do not fully 
realise the difficulties which it encounters. 

_ (1) No test of colour sensitivity has been made which is equally 
discriminating from different angles or directions of vision, or at 
different distances. The reasons for this are purely physical. If 
We use large pseudo-isochromatic plates, like the excellent plates of 
the Collins-Drever Group Test, then it will be impossible to arrange 
for the projected areas on the retinae of all the subjects tested to be 
the same. More important than that, for some testees the projected 
area of the test plate will be wholly within and for others it will 
Partly overlap the fovea. Since there is an important class of red-green 
blind subjects whose colour vision is better outside than inside 
the fovea, this is a serious matter. All colour-vision tests must 
be limited to foveal stimulation. Quite apart from this problem, 
however, the ease of a test of colour vision is proportional to the 
size of the area of the retina stimulated, other things being equal, and 
those who are near a group test must have an advantage whatever 
type of test is employed. If the group of subjects is arranged in a 
Semi-circle, so that all are at the same distance from the test, there 
are still difficulties owing to the change in projected shapes of the 
test Spots or objects due to perspective. There are also differences 
Owing to the varying intensities of light reflected at different angles 
1 pseudo-isochromatic plates are used, and, since some inks shine 
More at certain angles than other inks, figures invisible from immedi- 
Ny in front may be clear from one side but not from the other. 
a 4 comparatively easy to gain help in doing the Ishihara Test, 

Nas an individual test, by tilting the plates until some of the 
Seas can be read by the varying intensity of the light reflected 
different angles. Many colour-blind subjects habitually use this 

Odge and must be checked from tilting the plates or moving the 

ead from side to side. If the colorimeter is used there is a further 
eee though the problem of reflection is overcome. It is easily 
a wn that red (or yellow) light is less scattered in the diffusing 

Teen than green (or blue). Hence the scale reading for a red- 
Steen (or yellow-blue) mixture which matches a given standard 


ee with the angle from which the testee views the spots of 
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In-one experiment the writer tried projecting the colorimeter 
test spots upon a reflecting wall, with a suitable magnifying lens 
system, after removal of the milk glass plate. Although this allows 
a group of subjects to view these enlarged spots, all the problems 
of perspective and distance are introduced again, in addition to 
those of the greater scatter of blue and green than of red and yellow 
rays by the reflecting surface. It might be thought that all these 
physical“ difficulties were not weighty objections, but experience 
has led to the conclusion that they are far too serious to allow the 
development of group testing unless they are fully overcome. 

(2) Experience with the Collins-Drever Group Test has shown 
that those who escape in a group owing to the varying physical 
conditions described above are not necessarily the least defective. 
They may be those who are most skilful (intentionally or otherwise) 
in evading detection. After one or two experiences of re-testing 
individually the members of a group who had been given a group test 
it was abandoned altogether. In one class of about forty students one 
deuteranope was found with the Collins-Drever Group Test, and 
afterwards one extreme protanope, a second deuteranope and a red 
anomalous man were found in individual tests with the colorimeter. 
The fault certainly does not lie in the construction of the Collins- 
Drever Test itself, which is excellent if used with strict precautions 
as an individual test at a sufficient distance to be viewed in foveal 


vision. The difficulties are inherent in the physical conditions 
described above. 


(3) In a group, 
that none receives g 
Since many major 


especially of children, it is impossible to be sure 
uidance (intentional or unintentional) from others. 


defectives, even among children, are masters at 
unintentionally exploiting guidance which is unwittingly given, this 
is very important. However much reliance may be placed upon their 
good faith, the tendency of red-green defectives to take advantage 
of all manner of secondary cues and indications cannot be overlooked. 
It is to them just as spontaneous as the use of secondary cues in the 
perception of size, shape and distance to the ordinary person. 


REVIEW OF THE EXPERIMENTS 


Seven series of experiments on colour vision were carried out 
during more than eight years, with a v. 


the variations of colour vision to be de 
devising a satisfactory test which could 
and theoretical applications. These exp 


iew to revealing the nature ° 
alt with, measuring them an 

be expected to have practical 
eriments have been described 
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in detail in the previous chapters, and the remainder of this 
chapter will be devoted to summarising their results and stating 
the general conclusions to be drawn from them. In the first place 
a short review of the experiments will be given. 

The first experiment was carried out on 103 men and 98 women 
who were normal, deviant or colour weak, and upon 14 men and 
5 women who were major red-green defectives. One yellow-blue 
blind man was included. This experiment was carried out with 
two pairs of rotating disks made up of Hering’s coloured papers. 
The first pair consisted of one disk of red and green, and the other 
of yellow, black and white. The second pair consisted of one disk 
of yellow and blue, and the other of black and white with a small 
Sector of green. The proportions of red and green required to 
Match a suitably desaturated yellow were measured, together with 
the brightness levels of the yellow for all matches and all subjects. 
It was found, as explained before, that subjects varied both in the 
difference between their average mixture of red and green and the 
average mixture of the whole population, and also in the range of 
mixtures of red and green which would match the yellow. These 
two measurements have been called “ deviation” and “ matching 
Tange”, and they proved to be of fundamental importance. Similar 
Measurements were made with the second pair of rotating disks, 
and these gave the deviations and matching ranges for the comparison 
between a neutral grey and a mixture of yellow and blue. 

__ It was found that the subjects could be classified as “ deviants ” 
if their red-green or yellow-blue deviations were more than 1 X 
Sigma, and as “ extreme deviants” if more than 2 x sigma, 
While the anomalous were much more extreme. At a later stage the 
distinction between deviants and extreme deviants was given up, 
and the term deviant was applied to those subjects who had deviations 
Of more than r x sigma and were not anomalous or colour blind. 

hose with matching ranges two or more times the modal range 
Were classified as “ colour weak ”, but the weaknesses of the colour 

ind, though similar in character, were much more extreme. About 
20% of the subjects were deviant, colour weak or both, and there 
Were about 5% of colour blind and 2% of red and green anomalous 
men on this system of classification. 

Correlations between red and green and between yellow and 

lue weaknesses were negative, while other intercorrelations for 
Colour sensitivities and for brightness levels of corresponding colours 
Were small. There was no correlation between colour weakness and 
€Viation, even among major defectives. Brightness level was 
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largely independent of variations of colour sensitivity. There 
was no tendency for anomalous or red-green blind subjects to be 
weak in yellow or blue. The red-green blind were found to be 
clearly divisible into two classes—protanopes, with darkened red, 
and deuteranopes, for whom red is not darkened. Both types are 
red-green blind and both are variable in degree of defect, but the 
anomalous were found to be distinct from the moderately red-green 
blind. The errors of naming and the colour confusions of all these 
defectives were found to be logical and understandable on the basis 
of their measured defects. 

After the completion of this experiment it was decided to make 
a simple anomaloscope or colorimeter for the use of colour filters 
instead of paper disks. The instrument was carefully designed to 
fulfil the requirements shown to be necessary by the rotating disks 
experiment, and all the remaining experiments reported in this book 
were carried out with it, 

Three preliminary experiments were then carried out in order 


to discover the best technique and colour filters to use and to deter- 
mine the degree of efficien 


able stimuli. A special 
It was carried out upon 51 


TY ‘experiments were carried out on 
namely 22 men and 12 women who 
green anomalous man, 5 protanopes 
and 2 deuteranopes. The “ Spectrum Filters ” test employed the 


‘ 
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Ilford spectrum red, green, yellow and blue filters. It duplicated 
the conditions of the rotating disks test, except that monochromatic 
filters replaced the Hering papers. In the “ Micro Filters” test 
another attempt was made to devise a simplified technique. It 
used four polychromatic filters, three of which belonged to the 
Ilford “ Micro ” series. Two were red and green and the other two 
were yellow and blue, and all four were chosen so that the red-green 
mixture could be matched against the yellow-blue mixture when 
Certain proportions were used. A special technique was devised 
for this test, and although in principle it was very simple, in practice 
It proved even more confusing and indecisive than the Paired Filters 
test. It was therefore abandoned, and the Spectrum Filters test 
was satisfactorily incorporated into the next experiment. 

The fifth experiment was carried out with two sub-tests based 
on the Spectrum Filters test, and three sub-tests added, namely 
Orange with blue-green, yellow-green with violet and purple with 
green, using monochromatic filters with the exception of purple. 

he main aim of this experiment was to find out whether variability 
of colour sensitivities was equally spread over all nine colours, 
red,, orange, yellow, yellow-green, green, blue-green, blue, violet 
and purple, or whether it was mainly confined to red, yellow, green 
and blue. The experiment was carried out upon 103 men and 106 
Women who were normal or minor defectives, 20 red-green blind, 9 
green anomalous and 3 red anomalous men, and upon 3 red-green 

lind and 2 green anomalous women. 

The proportions of deviant and colour-weak subjects were found 
to be about the same as in previous experiments. Most of these 
Subjects had shown some weaknesses of colour vision in daily life. 
t was shown by general inspection of the results, and confirmed 
Y factorial analysis, that the variations of colour sensitivity were 
Confined to red, yellow, green and blue, in the sense that no weak- 
Nesses existed in any of the intermediates in any subject which were 
Rot found to a greater degree at the same time in one or more of 
the four primaries. About 3% of men and women were found to have 
the violet end of the spectrum markedly darkened. Details about 
& e, major red-green defectives confirmed the results of previous 
tests, except that three red anomalous men were found, in one of 
Whom the red end of the spectrum was not darkened. 

_It seemed to many critics that the negative correlations between 
Pairs of colours measured together, such as red and green, might 
ave been produced by the technique of the experiments. Hence 
a sixth experiment was set up in which colours were desaturated 
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with their neighbours, and in which intermediates were used as 
standards. This experiment had four sub-tests, red-yellow, yellow- 
green, green-blue and blue-red. It was carried out upon 62 normal 
and minor defective subjects, 2 deuteranopes, 1 protanope, 4 green 
anomalous subjects, one of whom was a woman, and 2 red anomalous 
men. 

The results of this test were factorised, and showed that the 
first bipolar factor contrasted red against green and yellow against 
blue at the same time, while the second and smaller bipolar contrasted 
colours measured by desaturating each other. The experiment 
therefore showed that the negative correlations were mainly between 
red and green and between yellow and blue, while subsidiary 
negative relationships were produced by the technique of the experi- 
ment. This was called the “ Intermediates Experiment ”, and it 
showed that the confusion of blue-green with green is the most 
frequent type of colour-vision error in daily life, and is due to blue 
weaknesses and not to mere errors of naming. 


Tue Four-Cotour TEST 


When it was found that there were no defects of colour vision 
in orange, yellow-green, blue-green, violet or purple, which could 
not be measured better by testing red, yellow, green or blue, a 
simple test of these four colours was devised. It was based upon 
the “ Spectrum Filters ” test just described, but certain alterations 
were made to improve it. This Four-Colour Test was then carried 
out upon about 330 men and 260 women who were normal or minor 
defectives, upon 26 protanopes, 41 deuteranopes, 3 of whom were 
women, 42 green anomalous subjects, 9 of whom were women, and 11 
red anomalous subjects of whom two were women, The proportions 
of major defectives will be discussed in a later paragraph. ‘The 
test confirmed results from previous experiments, and showed that 
a simple and efficient test of colour vision could be made in this form. 
The correlations in a re-test of about 35 subjects were over -9 for 
red and green and over -6 for yellow and blue. 

The colour vision of all subjects showing any abnormalities was 
studied with great care, and most of them were given other tests 
such as the Ishihara, Holmgren Wools or Beads. The deviations of 

` thé normal group conformed well to a normal distribution, and it 
seemed satisfactory to class those with deviations of about 2 X sigma 
or more as “ deviants” because almost all of them showed slight 
weaknesses in daily life. About 11% of men and 20% of women 
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had matching ranges of two or more times the modal range in red and 
green, and about 15% of both sexes in yellow and blue, and these 
subjects were reasonably classed as red-green or yellow-blue 
weak accordingly. 

The experiment showed that protanopes are more often extreme 
and deuteranopes more often moderate, and that red and green 
anomalous subjects are distinct from the moderately red-green blind 
and form consistent groups among themselves. About one half of 
the red anomalous subjects had red of normal brightness. It was 
suggested that there is a small class of major defectives who have 
exceptional fatiguability rather than anomalous colour vision or 
colour blindness. Comparison of the results of this and of the Ishi- 
hara Test showed that the Ishihara is reliable for rejecting all major 
red-green defectives, but has a very ragged “cut-out” and fails ` 
to discriminate effectively between the sub-classes of major defectives 
or between normal, deviant and colour-weak subjects. In this respect 
the Four-Colour Test fully confirmed the Rotating Disks Test. 

The Four-Colour Test has the advantages of cheapness and ease 
of construction, quickness and simplicity of application, efficiency 
in distinguishing between normal, deviant and colour weak, and 
between red and green anomalous and the two classes of red-green 
blind subjects, and it gives a measurement of the degree of defect 
of the colour blind on the same scale that it applies to the normal. 
It is a simple psychological test, which compares individuals with 
Standardised norms for the population, and therefore opens up 
Many possibilities for industrial and scientific research upon colour 
Vision. It may be open to many improvements, but forms a possible 
basis for an efficient science of colour-vision testing. It is portable, 
can be set up in any dark room, and is independent of colour naming, 
although naming of colours is taken into account as a subsidiary part 
of the test routine. 


Norma, DEVIANT AND CoLOUR-WEAK SUBJECTS 


It is clear from what has been said in this and previous chapters 
that we may divide the population into two general classes for colour 
Vision: (a) normal, deviant and colour weak, (b) colour blind 
and anomalous. The characteristics of all these kinds of subjects 

ave been dealt with in detail, and in this section the reader will 
be reminded of the main points previously explained. First of all 
We may describe the ordinary deviant and colour-weak subjects as 
Minor defectives, in contrast to the group of colour blind and 


318 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


anomalous subjects who are major (sex-linked) defectives. It is 
an open question whether exceptional fatiguability must be classed 
as a major or as a minor defect. The detection of this condition 
among the major defectives who are already extremely weak in 
certain ways would be difficult, because it would have to be distin- 
guished clearly from their other defects. In the normals and minor 
defectives it is comparatively easy to detect, and has therefore been 
classed as a minor defect. If convincing evidence were forthcoming 
that it was sex-linked, then it would have to be re-classified as a major 
defect. It is not a general characteristic of the anomalous.’7 

The definition of minor defects, apart from extreme fatiguability, 
is (a) statistical and (b) based upon observations of colour vision 
in daily life and performance in common colour-vision tests. In 
dealing with minor defects in this research the aim has been to 
pick out with the colorimeter those subjects who lie at the extremes 
of the distributions for deviation and matching range, and to study 
their colour vision in any other ways possible in order to find out 
the levels at which it is justifiable to call them deviant and/or colour 
weak. After the Rotating Disks Experiment the data seemed to 
indicate that for colour weakness a suitable criterion would be two 
or more times the modal matching range in the pair of colours in 
question, excluding the colour blind who are much more extreme. 
The mode had to be used rather than the standard deviation, because 
the measurements are Strongly skewed. This criterion cannot be 
taken as absolute, but would have to be varied somewhat in accordance 
with the requirements of tes 
ight be necessary to take 1:5 times 
Printing 2-5 times the mode might 
mode, however, corresponded with 


1 : ors in daily life and to have some 
difficulty with other tests, and also it sufficed to pick out the expected 


proportion of normal heterozygotes among women. Therefore it 


rion, and if three times the mode were taken 


of sex-linked defectives would be included 
unintentionally, 


The deviations are distributed in a norma 
sigma scores were used. The 
within the limits of 4 
normal, those between 
limits (excluding the 
“ deviants”. This cl 
not absolute, but mu: 


l curve, and for them 
data indicated that those subjects 
E I X sigma should be classed as perfectly 
+ rand + 2 x sigma and those beyond these 
anomalous, who are much more extreme) aS 
assification, like that for colour weakness, is 
st depend on circumstances, though deviants 
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on this system seemed to be the ones who tended to make slight 
errors in daily life. 

There is no correlation between deviation and colour weakness, 
and both criteria must be taken into account in assessing the colour 
sensitivity of all minor defectives. A combined criterion might 
have been used, the measurement taken from the appropriate end 
of the colorimeter scale (as a zero) to the point of just noticeable 
difference between the colour in question and the standard. This 
criterion was not employed, however, because it overlooks the import- 
ant distinction between deviation and colour weakness, and is more 
difficult to handle. 

There are no special advantages in the scale of sigma scores, 
except that the expected number of subjects in any group can be 
calculated from the normal curve. I should like to offer a serious 
Warning against using sigma scores as equivalent measurements in 
different tests. Experience showed that a characteristic green 
anomalous subject, who had been tested repeatedly and acted as a 
criterion for comparing the efficiency of different tests, was not 
distinguishable from the green deviant subjects in one test, whereas 
4 more efficient test gave him a deviation of about 7 x sigma, like 
Other green anomalous subjects. The use of sigma scores to equate 
the results of these tests and to exploit them for further calculations 
Would have been most unscientific. The performance of a subject 

€pends on the transmission bands of the filters or on the reflection 
bands of the papers used, and on the efficiency of the psycho- 
Physical technique. Sigma scores do not equate different colour 
lters or correct techniques which are at fault. The use of sigma 
Scores for combining the results of different tests may be dangerous 
1n all Psycho-metrics, but in colour vision we have objective external 
“titeria to guide us in rejecting it. 
In general the study of minor colour-vision defects showed that 
e colour naming errors of people who are not major defectives are 
Ue to and can be explained by their defects, and are not simply the 
results of erroneous learning of colour names. This was shown most 
Clearly in the commonly found tendency to confuse desaturated 
Ue-greens with green, which is characteristic of people with minor 
pue defects. It is easily understandable, because the reduction 
n Sensitivity to blue leads to a breakdown of the distinction between 
Ue-sreen and green, so that the same name tends to be applied to 
oth, and, since the person is more certain of greens, for which 
there is no weakness, he tends to use the term green rather than blue 
1 cases of doubt. A very interesting example was found in a family 
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in which a girl with exceptional blue deviation called blue-green 
and blue “ green”, violet “blue” and purple “ violet”. She 
was a dominating and assertive person, and her younger sister 
was submissive in comparison, and, although she had no blue defect, 
the sister had learned to use the terminology of the defective girl. 
The submissive sister easily proved that she could clearly distinguish 
blue, blue-green and green, while her elder sister had great difficulty. 
Similar peculiarities of naming were also found where there was 
a minor defect in one of the other primaries, and they were always 
understandable on the principle that the weak colour was subtracted 
from a mixture of the pair which were confused. 


ANOMALOUS SUBJECTS 


Throughout this book the terms ‘ 


“red anomalous ” and “ green 
anomalous ’ 


’ have been used in place of terms like “ anomalous 
trichromat ”, “ protanomalous ” and “ deuteranomalous ”. There 
are no yellow or blue anomalous subjects because the curve of 
distributions of yellow and blue deviations is extended to include the 
extremes. The problem of terminology for anomalous subjects is 
complex, and is not made any simpler by the frequent use of the 
expression “anomalous colour vision” for any major red-green 
defect by ophthalmologists who wish for very good reasons tO 
avoid any expression in which the word “ blindness ”? occurs. 
For obvious clinical reasons it is unwise to suggest to a person, even 
indirectly, that he has “ blindness” in any sense, and indeed if in 
colour-vision testing we do use the expression “ colour blindness ” 
to the subject, it is very wise to point out to him that this is merely 
a convenient expression used conventionally for certain peculiarities 
of colour vision and does not mean that he is blind. According to 
the usage of the supporters of the Young-Helmholtz theory, those 
subjects will be called “ anomalous trichromats ” whose colour 
vision has a marked red or green weakness, but who still require 
three primaries to match all spectral hues. This usage fails completely 
to distinguish the deviants and colour weak, whose defects are not 
sex-linked, from the truly anomalous, and it fails in turn to dis- 
tinguish these from the moderate protanopes and deuteranopes- 
Indeed, ‘few subjects are so extreme in red-green weaknesses that 
they are completely dichromatic, and in consequence on this syste™ 
we might well use the term anomalous of all major red-green defect- 
ives, like the ophthalmologists, but for a different reason. If that 


were done a new term would have to be invented for those subjects 
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who are truly anomalous in the sense defined in this research, and 
there would be a senseless multiplication of terms. The writer has 
considered the possibility of trying to settle the confusion by inventing 
new terms, but it seems that the multiplication of terms in science 
IS a nuisance, and it is better to use terms as nearly as possible in 
their conventional senses, but to define them accurately, rather than 
to invent new words for what are in fact old ideas. Houstoun’s 
term “ colour different 2 has much to recommend it in place of the 
terms “red” and “ green anomalous ”, on the ground of common 
Sense, but as defined by him it is unfortunately no clearer than the 
other terms mentioned above, and if we did adopt it we should be 
driven to speak of “ red different ” and “ green different ” subjects. 
An Overwhelming objection to the term “ protanomalous ” is that 
It suggests darkened red owing to its connection with “ protanope ”, 
Whereas one half of the red anomalous subjects have red of normal 
brightness. The writer does not mind what terms are used provided 
the true distinctions between the various classes of defectives are 
recognised, 

After considerable thought it has therefore seemed best to use 
the term “ anomalous ” of those subjects who have a major and 
sex-linked red-green abnormality which takes the form of an extreme 
deviation (6 x sigma or more) towards the red or green side without 
a marked increase in matching range. ‘These are then sub-divided 
into the red and green anomalous, and the red anomalous are divided 
into those with and those without darkened red. The red-green 

lind are those with an extreme increase of matching range in red 
end green, but not necessarily with an increase of deviation. 

Anomalous subjects are clearly distinguishable from the red- 
Steen blind, and are not simply the least defective of the colour 

lind, some of whom are indeed less defective than the anomalous. 
There is, however, a small proportion of intermediates between 

€ anomalous and the least defective of the red-green blind on the 
One hand, and the most extreme of the deviants on the other. The 

'Stributions of these classes of defectives are statistically distinct. 
z he anomalous subjects often fail altogether to notice their defects 
n daily life, though they sometimes report difficulty in distingushing 
ades of green or of red according to the nature of their defects. 
They are outright failures on the Ishihara Test, which does not dis- 
‘inguish them from the least defective of the red-green blind. They 
Ro definitely unsafe for work with coloured signal lights. Their 
Fequencies in the population will be discussed later. They are 
Certainly “ trichromats ” in the sense of the three-colour theory, 
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but their peculiarity lies in having a scale of colour mixture values 
different from that of the normal in a striking and definite way, 
rather than in having to use too many names for the hues they see, 
like the red-green blind. 


ReD-GREEN BLIND SUBJECTS 


The colour-blind subjects are to be distinguished by having 
a reduction, rather than a difference in scale, of sensitivities to 
colour. It is necessary to touch upon the possibility of yellow-blue 
blindness. Those subjects with very large matching ranges in 
yellow and blue are the extremes of the continuous variations of 
yellow-blue sensitivity, whereas the red-green blind are separate 
groups discontinuous from the normal and colour weak. Neverthe- 
less, if a subject with extreme yellow-blue weakness is found, his 
difficulty will be that of adapting too many colour names to the 
hues he sees, like that of the red-green blind, but in the realm of 
blue and yellow. He will, for instance, tend to apply the same names 
to blue, blue-green and green, and perhaps gain the reputation of 
being a person who asserts that there is no real difference between 
blue and green. It is not unreasonable, with these precautions, 
to apply the term yellow-blue blind to the most extreme of the yellow- 
blue weak series, but on the whole it is better avoided. 

The red-green blind are clearly divided into two classes : protan- 
opes and deuteranopes. Protanopes have the red end of the spectrum 
greatly darkened, and have in consequence been called “ red blind ”, 
while the deuteranopes have been called “ green blind ” for no very 
good reason. These terms lead to confusion, because both types 
are red-green blind and tend to confuse reds, fawns, browns and 
greens of equal brightness for them. Rivers tried to introduce the 
terms “ scoterythrous ” and “ photerythrous » which are very 
tempting, but it seems easier to follow the familiar terminology. If 
the reader chooses to use the terms “ scoterythrous ” for protanop® 
“ photerythrous ” for deuteranope, “red different” for red anomalous 
and “green different” for green anomalous, the writer will make 
no objection. The term “ tritanope ”, however, which was introduced 
on the assumption that there must be a third kind of colour blindness 
which was due to the absence or weakness of the blue (or third) 
receptor of the Young-Helmholtz theory, is more objectionable. 
It does not correspond to any distinct type of defect which can be 


observed, and must be replaced by the terms “ yellow ” and “ blue 4 
deviant and “ yellow-blue weak ”, 
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Protanopes and deuteranopes are closely comparable except 
that in protanopes there is a great reduction in sensitivity to the 
ted end of the spectrum. This affects orange less than red and yellow 
hardly at all. Protanopes and deuteranopes are both variable classes, 
but they do not overlap. Most protanopes are very poor at seeing 
anything but black where there is red, but when they do see it they 
tend to confuse red with dark oranges, browns, and greens. There 
is a proportion of moderate protanopes, but their weakness in red 
and green is not correlated with the degree of darkening of the red 
end of the spectrum. On the other hand, although there is a fair 
Proportion of deuteranopes who cannot distinguish reds, oranges, 
fawns and greens of equal brightness, the majority are able to see reds 
and greens as distinct hues if sufficiently saturated. A very small 
Number of red-green blind subjects are not much more defective, 
in terms of colorimeter measurements, than the few most extreme 
of the colour weak. Some red-green blind subjects who are 
Moderately defective tend to confuse red and green even when they 
can distinguish both from yellow. It is as if there were three possi- 
bilities : (a) that red, yellow and green might be equal in hue and 
Saturation; (b) that red might be the most saturated and green the 
€ast saturated of the three, although they were equal in hue; (e) that 

oth red and green, although equal in hue, might be more saturated 
than yellow. The first condition would correspond to the inability 
t „distinguish red, yellow and green; the second condition to the 
ability to learn to distinguish them by saturation, with much difficulty; 
and the third to the peculiarity just mentioned, in which both are 
distinguishable with difficulty from yellow but not at all from each 
other. This is one reason why a test for colour blindness must include 
ee of hues, though it must on no account depend on naming 

one, : 


Red-green blind subjects vary in deviation as well as in matching 
Tan, 


th ge, but it is in the majority of cases easy to distinguish them from 
€ anomalous. Their deviations are seldom as great as those which 
are characteristic of the anomalous; their matching ranges are much 
arger; they generally accept the mid-matching point of normal 
Subjects, while it is unhesitatingly rejected by the anomalous. No 
evidence has been found that increase of simultaneous contrast is 
Characteristic of either red-green blind or anomalous subjects. The 
Supposed evidence for this has been the result of failure to realise 
that ted-green defectives may apply colour names (satisfactorily 
Or them) to greys which are only very faintly coloured for us, or 
even quite colourless. ‘They do this not because they can see more 
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colour in these hues by exaggerated simultaneous contrast than 
normal subjects, but because they see very much less colour in 
many saturated hues than the normal and can apply colour names 
to greyish hues which are just as saturated for them. The main 
confusions of the deuteranope are between reds, oranges, fawns, and 
greens, while magentas and purples tend to look grey to them and 
may be confused with green. The main confusions of the protanope 
are between reds, dark browns and blacks, and between greens and 
fawns, while for them purples and magentas tend to be confused with 
pale blue because the red is subtracted. 

Since the distributions of measurements of the defects of anoma- 
lous and red-green blind subjects are not continuous with the corres- 
ponding measurements for normal subjects, all major defectives 
must be regarded as very abnormal. There can be no question of 
thinking of the less defective among them as “ almost normal”, or 


of taking a lenient view of their defects so long as green-orange-red 
signal systems are in general use. 


ORDINARY AND DEVIANT DEUTERANOPES 


A proportion of the deuteranopes, though not necessarily the 
least defective of them, have extreme green deviations. These tend 
to form a fairly well defined class with average deviations of about 
5 X sigma and should be considered as a group discontinuous with 
the other deuteranopes. A distinction will be drawn, therefore, 
between “ deviant ” and “ ordinary ” deuteranopes, and, although 
the rotating disks and earlier tests did not separate these two groups 
so clearly as the four-colour test, it has been possible to give the 
relative frequencies, and these are shown in Table 116, It will 


TABLE 116 


PROPORTIONS or NORMAL AND DEVIANT DEUTERANOPES IN ALL THE TESTS 


Ordinary Deviant 
Deuteranopes Deuteranopes Totals 


Men a 36 25 61 
WoMEN I l 6 
TOTALS 37 30 67 


be understood, with a moment’s reflection, that a deviant deuteranope 


never has so large a matching range as the most extreme of the 
ordinary deuteranopes, but may have a matchin 


g range larger than that 
of some of them. If the matching ranges are alike, then the deviant 
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deuteranope has the added weakness of his extreme deviation and is 
the more defective of the two. The extreme deviation of these 
subjects is hereditary. ‘They are the “ anomalous deuteranopes gs 
mentioned by de Vries; Willmer has found two classes of deuteran- 
Opes which are probably the same two groups. 


BEARING OF THE RESULTS ON COLOUR-VISION ‘THEORIES 


If we take the principal theories of colour vision as hypotheses 
to be tested by the experiments, then it would seem that the facts 
can be explained by a theory involving four primary sensations for 
hue and one for brightness, while less than this number of primaries 
would be insufficient. In this respect the results of all the experiments 
are consistent and decisive. Expressed in the briefest possible way, 
this means that the most sensitive colour vision which has been 
studied could be accounted for in terms of four primaries for hue 
and one for brightness, while no variations or abnormalities of 
colour vision have been found which could not be explained with 
the same framework of primary sensations. This may be explained 
More fully. 

_ The evidence that people with normal colour vision are strictly 
ttichromatic is not convincing. Even if the problem of brightness 
Were omitted, four primaries for hue would be required to account for 
the “negative” stimuli needed in three-colour mixing experiments. 

hose who use the examples of three-colour printing and three-colour 
Photography to support corresponding theories of colour vision tend 

aS forget that two-colour printing and photography are frequent, 
while the more colours added above three, within practicable limits, 
the better the result, Three is neither the smallest possible nor the 
€st number which can be used in these processes. It is simply the 
Smallest number with which a reasonably satisfactory result can be 
Obtained. The majority of pieces of apparatus used to demonstrate 
three-colour mixing, like three-colour printing and photography, in 
act use all the wave lengths in the spectrum, because they do not 
employ monochromatic lights, and they do not really provide any 
Svidence at all in fayour of the three-colour theory of colour vision. 
t is well known that allthe hues of the spectrum cannot be matched 
exactly in hue and saturation by the use of no more than three mono- 
Chromatic primaries, unless “negative” forms of these primaries are 
also introduced. These “negatives” are in fact additional primaries, 

Positive” in the hues they are used to desaturate. 
hen we come to study the variations of normal colour vision 
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we find that there is strong evidence that red, yellow, green and blue 
are the sensitivities which vary and this indicates that they are the 
primaries for which we are searching. If yellow did not vary indepen- 
dently of red and green, it could be omitted from this list of primaries, 
but it does vary independently and must be included. This confirms 
the evidence from introspective analysis, that yellow is a sensation of 
unique and irreducible quality, and evidence from binocular colour 
combination experiments, that yellow cannot be matched except with 
great difficulty in binocular mixtures of red and green.* 

When we study the extreme variations of colour sensitivity we 
still find that they affect red and green independently of yellow and 
blue, and that yellow sensitivity may be perfectly normal in the 
red-green blind. This could not possibly occur if red, yellow and 
green sensations were related in the ways suggested by the Young- 
Helmholtz theory. Furthermore, red, yellow, green and blue are 
the sensitivities which undergo primary variability, and not orange- 
red, yellow-green, and violet-blue, as the Young-Helmholtz theory 
would require. 

The analysis of the types of variability makes the position even 
more convincing. Red variations are negatively correlated with green, 
and yellow with blue, when adequately tested, and there is strong 
evidence that these negatives are not produced by the techniques of 
the tests used. This means that red and green on the one hand, 
and yellow and blue on the other, are alternatives in the sense 
that red varies at the expense of green and yellow at the expense of blue 
and vice versa. Such a mode of relationship is not provided for on 
any colour-vision theory but that of Hering and its modified form 


due to Houstoun. At the same time there is also a tendency for the 
members of these pairs to vary together. 


between types of defect is due to this: 
yellow and blue vary together we have 


weakness; where they vary inversely we h 
deviation defects. 


, and a major distinction 
where red and green oF 
the tendency for colour 
ave the tendency towards 


Extreme forms of variation of red and green 
together give rise to red-green blindness; extreme forms of variation 


of these colours as alternatives give rise to anomalous colour vision. 
Houstoun foresaw these facts and suggested that they could be 
explained on the hypothesis of red-green and yellow-blue cones 
which had two modes or frequencies of response, one corresponding 
to red (or yellow) and the other to green (or blue). Another form 
of the hypothesis would suggest four different kinds of cones, 
acting in pairs, one as an alternative to the o 


ting i € ther in each pair, and 
this will be mentioned below. Houstoun, 


however, pointed out 
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that where the point of average change-over from one mode of 
response to the other with changing stimulus varied, but the cones 
still changed almost all together, we should find colour vision which 
has been called anomalous. Smaller variations of the same kind 
would give rise to ordinary deviations. Where the average point 
of change-over is not greatly affected, but where the cones tend to 
change in a scattered manner, instead of changing all together, 
or almost so, we shall find weaknesses of red-green or of yellow-blue 
discrimination, of which red-green blindness is the most extreme 
for m, In the group of deviant or anomalous deuteranopes, mentioned 
Previously, both types of abnormality occur together. 

If it is too improbable that these alternative types of response 
are able to occur in the same cones, the theory may be modified 
to include the supposition that there are two pairs of cones, red and 
§reen responding cones in one pair and yellow and blue responding 
Cones in the other pair. The applicability of the theory is unaffected 
by: this modification, because deviations and anomalous colour 
vision are now produced by variations either in the relative numbers 
of cones of the two types present in the appropriate pair, or by 
Variations in the readiness of their tendencies to respond to the 
ye roPriate light rays. Large matching ranges and red-green 
pones will be produced by the tendency of both types of cone 
of € appropriate pair to respond to each kind of light ray instead 

acting differentially. nN 
T khe experiments reported in this book have given clear support 

‘toustoun’s type of theory, with the modification mentioned above. 
.t is not necessary to introduce separate kinds of receptor (such as 

anomalous ” cones), or the loss of certain forms of sensitivity, to 
account for the observed forms of colour-vision defect and variation. 
amain the four-colour scheme proposed by Houstoun there are 
ay Cient modes of possible variability to account for all the kinds 
degrees of difference and weakness of colour vision which have 
rn reported. It is not necessary to have seven primaries, for example, 
aie four will suffice, and, indeed, there 1s no evidence that orange, 
of sag: asa blue-green or violet are primary variables in any form 
efective colour vision or colour weakness. 
se he question of brightness sensitivity must be considered 
TEEI, It is clear that brightness discrimination is not better 
caper the colour blind, as sometimes suggested. They are more 
Peo i: at utilising brightness differences as cues to what normal 
sm. y S call differences of hue and saturation, but they do not have 
aller brightness thresholds than the normal, In the same way, 
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the blind are not, as often supposed, especially sensitive to hearing, 
but are simply more expert at using auditory cues as guides where 
those who are not blind would use vision. It is also clear with respect 
to the colour blind that the brightness levels of colours are not 
necessarily affected by losses of saturation and of hue discrimination, 
and the same applies to the colour weak and deviants in appropriate 
degree. It is true that red often tends to be darkened in the red-green 
blind, but the degree of its darkening is not correlated with loss of 
power to discriminate red from green (of equal brightness for them) 
even among protanopes. Among deuteranopes loss of saturation 
of red and green may be very great without any corresponding 
loss of brightness. Among red anomalous subjects about one half 
have red of normal brightness, but among green anomalous subjects 
the green is usually a little brighter than among the normal, and 
green anomalous subjects with darkened green have not been found. 


Among minor defectives red and blue weaknesses may be associa- - 


ted with slight reductions of brightness in these hues, and a propor- 
tion of blue weak subjects have darkened violet, while yellow weak- 
ness tends to be associated with brightening of yellow, 

In the factorial analysis of colour-vision variations it was likely 
that the general factor which corresponds to ability to do the tests, 
special colour-vision variations apart, depended largely on brightness 
discrimination. The first bipolar factor corresponded to red-green 
and the second to yellow-blue sensitivity. Brightness level was associ- 
ated to some extent with hue sensitivity, but not always in a positive 
way, and to a very large extent it was independent. This strongly 
supports the hypothesis of a special brightness receptor. Evidence 
for darkness (or black) Sensitivity is less convincing, and it is well 
known that the most intense experiences of black (as of white) can 
be explained by contrast effects. The most economical hypothesis 
consistent with the observed data would be that there is an indepen- 
dent brightness receptor, upon which the different wave lengths of 
light have effects variable among themselves and between individual 
subjects. Hue discrimination for red is not necessarily more impaired 
for protanopes than for deuteranopes, but brightness sensitivity for all 
red rays is greatly reduced. Among the yellow-weak brightness 
receptivity for yellow rays may be enhanced, while for blue rays 
it is often reduced among the blue-weak. Only by the hypothesis 
of an independent brightness receptor can it be understood that 
a red anomalous subject may have red of normal brightness: 
For those who wish to support a three-colour theory it will be neces- 
sary to show how brightness levels can vary independently of hue 


<a 
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Sensitivities, and to show by what mechanism matching ranges may 
vary independently of deviations in two pairs of colour sensitivities 
at the same time but in such a way that yellow is variable separately 
from red and green. Piéćron has attempted to do this, but his 
explanation is probably more complex than the simple theory 
offered by Houstoun. 

Granit’s* experiments on electroretinography have led him to 
the discovery of “ dominators ” sensitive to the visible spectrum 
indiscriminately of colour (a) for scotopic and (b) for photopic vision, 
and of “ modulators ” sensitive to narrow spectral bands in photopic 
vision. The modulators varied somewhat among the different kinds 
of animals studied, but corresponded broadly to red, green and 
blue. Yellow is suggested as a sub-division of red sensitivity for the 

uman eye. Many of the animals studied, such as the cat, guinea pig, 
Tat and frog, are to the best of our knowledge totally colour blind, 
and Granit points out that the presence of modulators is not neces- 
sarily evidence of colour vision. Hence it is difficult to apply his 
results to human colour. vision and its variations, though, as he 
Points out, his scheme would provide a much more hopeful theory 
of colour vision in man than the three-colour theory. 

From the point of view of the present experiments, Granit’s 

©minator-modulator system might be used in the following way:” 
© scotopic dominator is not tested in these experiments, but the 
activity of the photopic dominator might be represented by the 
pease factor found in the analysis of individual variations. The 
teurgreen and yellow-blue factors might represent the activities of 
the. Paired modulator mechanisms. The order of importance of 

Se factors is represented (a) by their order in the analysis and 
(6) by the magnitude of their contributions to the total variance. 
ite. general factor is first in the analysis, but contributes relatively 
x 3 to the total variance; the red-green factor is second in the 
is Ce but makes a heavy contribution; the yellow-blue factor 
a ird and its contribution is slight. The necessity that the modu- 
ia th mechanisms should be bipolar is very clearly brought out 
tole ese experiments and in all studies of individual variations of 

ur vision which reveal these differences accurately. » It is, 
fee not brought out by absolute threshold colour sensitivity 

S, nor by differential threshold tests which depend on the com- 
Parison of one hue or saturation with another. It is brought out 
rs tests of the Rayleigh equation type, and these are the ones which 

carly differentiate the essential variations of colour-vision sensitivity. 
aS bipolarity is not revealed by Granit’s experiments, which are 
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essentially tests based on the absolute threshold principle, and this 
bipolarity is not taken into account adequately by any theory of 
colour vision but that of Hering with its modification by Houstoun 
which is supported by the results of the experiments reported in this 
monograph. 

In his important researches upon the microstimulation of the 
human retina, Hartridge® has found evidence for the existence of 
colour modulators comparable with those suggested by Granit. Some 
evidence supported the theory that red, orange, yellow, yellow-green, 
green, blue-green, “ indigo ” (according to Hartridge a colour falling 
between blue-green and blue), blue and violet, are primary modulators. 
Hartridge has summarised the evidence from various sources in 4 
table which shows that microstimulation of the human fovea suppor- 
ted red, orange, green and “ indigo ”, while fixation points in the 
human fovea were found for red, orange, yellow, yellow-green, green, 
blue-green, “ indigo ” and blue receptors. He gives a very interesting 
account of the nature of all the evidence supporting these possible 
primary modulators, nine in number altogether, and then puts forward 
a polychromatic theory of human colour vision, which he relates 
to that of Wundt and calls:the Wundt-Granit polychromatic hypo- 
thesis. Such a theory would recall that of Edridge-Green in some 
ways, because there are seven primary modalities for colour on his 
theory. 
ee a poe research the data are more likely to force us tO 
ra ae R our ae than to compel us to utilise less than 
sae net oe pe aa af acts of colour-vision variation discovered 
le i ost impossible or perhaps quite impossible tO 

p on a three-colour theory. At the same time no evidence 
was found that they could not be explained with four primaries» 
provided white was accounted for, as in Granit’s theory. It has 
seemed, however, absolutely necessary to think of these rimaries as 
organised in two pairs of opposites, after the fashion of it ring and 
Houstoun. palor aa 

k In a more recent publication Hartridge® has advocated a theory 
o ie receptor functions for colour vision, which aims at combin- 
AP t X advantages of the Young-Helmholtz and Hering theories: 
is theory postulates that there are two systems of colour sensation» 
ne first with three and the second with four primaries. The three- 
colour system is of orange-red, green and violet-blue `The secon 
or four-colour system is of red-blue green, yellow and blue, the 
red receptor being also sensitive to the rays oE the violet end af the 
spectrum. Hartridge shows that many of the problems of colour 
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vision could be solved on such a theory, especially that of the negative 
coefficients involved in three-colour matching experiments. His 
new scheme, however, would not meet the requirements that bright- 
ness should be regarded as due to an independent receptor system, 
which seems to be very important. As far as the present research 
can indicate, it has been pointed out already that all the problems 
of colour vision and of its variations met with in these experiments 
can be dealt with on a basis of four primaries for colour, acting in 
two pairs, and one for brightness. The research is more effective in 
Stressing the need for at least four hue primaries than the need for 
less than five. 

This need is also stressed by studies of change in electrical excit- 
ability of the eye following brief stimulation with coloured lights. In 
his experiments Motokawa?® has given evidence that red, green and 
blue receptor processes are present in the fovea, and red, green, blue 
and yellow in the periphery at Le) 2h and 35° from the fovea. Ina 
deuteranomalous subject the green process was weak, while the red 
Process. was missing in a protanope and the green process in a 
deuteranope. : 

Piéronë has put forward an important modification of the trichro- 
Matic theory, according to which there are three photo-sensitive 
Substances, corresponding respectively to red, green and blue sensa- 
tions and located in separate cones. To account for the independent 
Variations of brightness levels he introduces the idea that there 
May be a fourth type of cone which contains all three substances in 
the Proportions necessary to produce white, grey or a colourless 
sensation when stimulated by white light. Protanopia is accounted 
for by the lack of the red substance, while deuteranopia is explained 

y a lack of consistent relation between the red and green responding 
Cones and their normal ganglion cells, so that the distinctions between 
Ted, green and yellow tend to break down. Red and green anomalous 
Colour vision are explained by the presence in the red (or green) 
Cones of some of the substance corresponding to the green (or red). 

he combination of the two anomalies tends on this theory towards 
deuteranopia. Partial lack of the blue substance gives rise to “ tritan- 
°malous ” colour vision, often associated with darkening of violet. 

The central difficulty in this theory is the lack of any way of 
accounting for the independent variations of yellow sensitivity 
und repeatedly in the present research. It seems impossible to 
avoid the view that there must be four primary cones and a mixed 
Cone as well, When this is done, it may be that the differences 

tween the form of the trichromatic theory advocated by Piéron 
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and the form of the four-colour theory adopted in this book will 
gradually be resolved. That both theories might be combined in a 
more comprehensive and adequate theory has been suggested by 
Burt.1° Extreme yellow deviants might perhaps be called “ tetrano- 
malous ”. 

In private conversations about the present research both Dr. 
W. D. Wright and Dr. E. N. Willmer favour the view that yellow-blue 
defects might be due to pigmentation. They suggest that unusually 
small amounts of such a pigment might account for yellow weaknesses 
by admitting more blue light and therefore intensifying the blue 
responses, while excess of yellow pigment would admit less blue 
light than usual and therefore have the effect of producing blue 
rather than yellow weaknesses. It is difficult to see how such a theory 
could account for the differences between yellow-blue weaknesses 
(increased differential thresholds) and yellow and blue deviations 
(without increased threshold). Another difficulty is that yellow- 
blue weaknesses are not always associated with darkened violet, 
although the occasional tendency for blue to be confused with dark 
grey and yellow with light grey or white, in the defective, would 
accord with their theory. It might be a part explanation. 

Both these workers also favour a theory of three variables, but 
Dr. Willmer would possibly suggest that only two of these need be 
differential receptors, because the third variable might be simply 
the effect of varying pigmentation. As explained before, it is extremely 
difficult or even impossible to think of all the variations of colour 
vision and brightness sensitivity as explained by three variables alone; 
and this matter need not be dealt with again. The writer is indebted 
to Dr. Alphonse Chapanis and Dr. HI. de Vries for interesting corres- 
pondence on this subject, and, although the claims of the three- 
receptor theory are important, he feels t 
support the form of the four-rece 
receptor for brightness) 
more adequate. 


hat it is a duty to science to 
ptor theory (with an additional 
advocated in this book, because it is far 


FREQUENCIES OF Major Rep-Green DEFECTIVES”! 


Up to the time of writing this chapter 178 major red-green 
defectives were tested, excluding 5 of the children tested by Mr. R. 
Brown, and one additional green anomalous man, one colour-blind 
Indian,* one man and one woman protanope ni one woman 
deuteranope, who could not be given the colodmeter tests. In 


* Who explained his defects to me on a ’bus near Brighton. 
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populations of 989 males and 676 females tested in these experiments 
76% of male and o 59% of female defectives were found by chance. 
This- accords with the results of other researches.11911 The 
an frequency of female defectives on the single locus theory 
he be 061%, and the observed frequency does not differ 
2 Pia cantly from this. The research therefore confirms the theory 
FA niege and the reliability of the testing method is established. 
= on are not in this group more defective women than would be 
a cted. The “extra” ones claimed by some workers are almost 
d ‘ainly normal heterozygotes, some of whom are colour weak, or 
€viants, and who are doubtful passes on the Ishihara Test. 


TABLE 117 


7 Numperrs or Major RED-GREEN Derecrives: MeN AND WOMEN 


DEUTERANOPES GREEN | RED ANOMALOUS 


Pror. ANOM. TOTALS 
Normal | Deviant Red Dk. | Red N’l. 
Mr B | aa 
Wor 43 36 25 39 6 6 155 
N I 5 10 I I 23 


OT, 5 
iia 48 37 30 49 7 7 178 


Tii split up the 7 8% of male red-green defectives in accordance 
ihe difte frequencies for men shown in Table 117, percentages of 
teque erent types will be as shown in Table 118. The relative 
ne ncies of the different types of women defectives are about 
ame as for men, though more women defectives were found 


TABLE 118 
PERcenTacE FREQUENCIES OF Major Rep-Green Derective MEN 


| DEUTERANOPES : | Green | RED ANOMALOUS 


Men PROT- TOTAL 


Red Dk. 


Normal | Deviant | Red Nor. 
1:96% 


0:305% 


235 216% | 181% | 126% 0:305% | 7°80% 


eee than would be expected on the ratio of 0:61% of women 
tend A of men. The reason for this is that most women in a family 
in Tabl be defective where one occurs, and the 23 women shown 
amili e 117 happened to include two sisters from each of three 
reason s and three sisters from each of two others. This is also the 

why the number of protanopes among them is almost as high 


` 
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as the number of deuteranopes, although among men they are almost 
in the ratio of 4 to 6. If a sufficiently large sample of women could 
be obtained, no doubt the relative proportions of the different 
types would correspond exactly with the frequencies expected on the 
sex-linkage hypothesis: Any discrepancy, however, would have 
interest, since we do not know in detail what phenotypes correspond 
to the various heterozygous genotypes in women. The complexity 
of this problem will be apparent later. 

Somewhat different proportions of major defective men have 
been reported by other workers. In 1927 Waaler? reported about 
1% each of protanopes, deuteranopes and protanomalous subjects, 
but about 5% of deuteranomalous, making up 8% of defective 
men inall. In 1933, Wieland, according to Gates,!® gave percentages 
as follows :—Protanopes: 1*4%; Extreme Protanomalous : 02%} 

, Protanomalous : 0-6%; Deuteranopes: 1:3%; Extreme Deuteran- 
omalous: 05%; Deuteranomalous: 4:0%—again making uP 
8.o%altogether. In 1935, Trendelenberg and Schmidt, again accord- 
ing to Gates,'* found the following proportions of the four main types 
of defectives, this time calculated from the defective group itself : 


Protanopes : 26%; Deuteranopes: 13%; Protanomalous: 13°37 
Deuteranomalous : 477%. 


All these authorities indicate that there are more of the deuterano- 
malous class than of any other major defectives. The results of 
the present research would suggest that this might be due to the 
unintentional inclusion of a number of the moderate deuteranopes, 
who are more frequent than extreme deuteranopes, in the deuterano~ 
malous group. Better methods of testing lead to the avoidance of this 
complication. The difficulty does not arise to the same extent 
in respect of the protanope groups, because moderate protanopes 
are much less frequent than extremes, but it might account for the 
rather large percentages of protanomalous subjects reported by the 
three authorities mentioned above. The same complication might 
account for Trendelenberg and Schmidt finding half as many 
deuteranopes as protanopes. It must not be forgotten, however: 
that considerable differences in relative frequencies of these types 


may occur in different areas, and the present research has sampled 
only the South West of Scotland. 


Sex DIFFERENCES 


The experiments reported show no important sex differences 
in colour sensitivity except those connected with the forms of se*~ 
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linked red-green defects. These will be dealt with in a later section. 
If the red-green blind and anomalous subjects are excluded from 
both sex groups, and if all women who are heterozygotes are also 
excluded, almost no sex differences remain, Apart from the colour 
blind and anomalous subjects, men are just as good judges of all 
colours as women; and apart from colour-blind and anomalous 
women and those who are heterozygotes for these major defects, 
Women are just as good judges as men. Women may be more expert 
in the use of subtle colour names, and they may be more interested 
1n colours than men, owing to tradition and social influences, but 
they are not fundamentally better at judging colour likenesses and 
differences than men. The popular theory that they are better 
Judges of colour is probably due to the greater frequency of major 
defectives among men on the one hand, and to the fact that many 
colour names aremore familiar and more commonly known to women 
than to men because social convention makes them more interested 
in colours on the other hand. In the four-colour test there seemed 
to be a possibility that men were more often yellow and women 
more often blue deviants, but failing more convincing evidence this 
remains merely a possibility. There is also the possibility that men 
are more scattered in mid-points, and this accords with their ten- 


dency to be more variable in other respects, such as intelligence.” 


CoLour Vision OF NORMAL HETEROZYGOTES"? 


_ Sex linked red-green colour-vision defects are incompletely reces- 
Sive, since the heterozygotes for these defects and the normal 
condition usually have small red-green defects,!81° or may occasion- 
3 Y manifest the major defects themselves.2° Details of the relation- 
Ships between the different defective allelomorphs*! and the small 

efects of these heterozygotes have not been fully revealed, but 

Able 119 shows the most marked characteristics of the red-green 
Vision of seventy-seven women who have relatives with major defects, 
Classified according to the defects of those relatives. 

On the hypothesis of incomplete recessiveness, it would be 
©xPected that the heterozygotes for the normal condition together 


With a major red-green defect might show defects similar to those 
very much smaller scale. This 


= their defective relatives, but on a 
Pectation is very largely fulfilled (p¢-or) as Tables 12 and 60 sugges- 
ee Protanopes and deuteranopes tend to have red-green weak more 
a than deviant women relatives, while the green anomalous tend 
ave women relatives who are green deviants more often than 

M 
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red-green weak. Furthermore, some protanopes have big red 
deviations and some deuteranopes big green deviations in addition 
to extreme loss of red-green discrimination, although their deviations 
are seldom as great as those of the truly anomalous, and it is interest- 
ıng that the table shows that the women relatives of protanopes are 


TABLE 119 


WOMEN WITH MAJOR DEFECTIVE RELATIVES CLASSIFIED ACCORDING TO THE 
DEFECTS OF THOSE RELATIVES 


l 
GROUPING or WOMEN 
GROUPING OF Totals 
RELATIVES Normal | Red-Green| Green Red 
Weak Deviant Deviant 
Protanope 6 9 I 5 2I 
Deuteranope 7 20 4 o 31 
Gr. Anomalous 6 I » i I 20 
Red Anomalous 2 I o 2 5 
TOTALS 2I 31 17 8 77 


more often red than green deviants, while those of deuteranopes 
are more often deviants in green than in red, when they are not 
red-green weak. The possible expectation was not fully confirmed 
that the red-green weak women relatives of protanopes might tend 
to have red of slightly diminished brightness. 

Tf all the women who appear in the table were sisters of defective 
men, whose fathers were normal and whose mothers were ordinary 
heterozygotes, then the chance expectation of heterozygotes among 
them would be 1 in 2. The observed proportion of colour-weak 
and deviant subjects is 56/77 and this differs from the proportion 
of 1/2 by an amount which is more than can be attributed to chance- 
The discrepancy is due to the presence among these women of some 
who are daughters of defective men, mothers of defective men Of 


women, or sisters of defective women, among whom the normal 
homozygous condition is not expected, 


PIGMENTATION, RACE AND CoLouR VISION 


No evidence was found that darkness 0 
tion was associated with any tendency to 
among the normal, colour-weak or deviant 


f skin and hair pigmenta- 
colour-vision weaknesses 
subjects where there waS 
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eee of ee difference. There was a tendency for yellow- 
aded Te $ e more frequent among the group of subjects which 
Regt z ae Turks and West Africans than among the 
fended is “he these were separated it was found that these weaknesses 
eran e a among Indians of Dravidian stock and greater 
Indiane M est Africans than among the Jews, Turks or other 
a is was specially interesting because of the theory that 
The yeli ki of a different racial stock from that of other Indians. 
saith, om gh lue weaknesses, therefore, seemed to be associated 
hes d ia ifference rather than with pigmentation except in so 
taka. arkness of skin and hair pigmentation 1s itself a racial charac- 
ont all the subjects, concerning whom records of pigmentation 
of a ci grouped in one four-fold table to compare frequencies 
eleda nd fair colouring among the normal and the sex-linked 
o groups, there is a small association between fairness and 

r-vision defect. This is shown in Table 120, but is not a 


Statisti Bog 4 
tistically significant difference. 


TABLE 120 


REL 
ELATIVE 
IVE FREQUENCIES OF DARK AND FAIR AMONG Norma AND MAJOR 
DEFECTIVE SUBJECTS 


Normal Major Defective 


Dark 248 67 
Fair 323 105 
Totals 571 172 


og been shown by Burt"? that there is a small correlation 
and Sin ret at defects and darkness of pigmentation. Vernon 
where n er showed that red-green defects were more common 
ema e population of Britain might be supposed to be composed of 
ordic ler settlers who were driven into the South and West by the 
of Ne invaders. Geddes! has shown that Fijians, who are possibly 
and Ch, stock, are less often red-green blind than Caucasians, 
te. age ments?? that American Negroes and American Indians are 
feeder = red-green blind „than American Whites. The present 
Slew that Dravidians and West Africans are more often 
istrict ue weak than Whites, but in the population of the Glasgow 
ig which was sampled in the experiments reported here, 
a aes connection between colour-vision defects and pigmentation. 
general conclusion would be that the differences of colour 
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sensitivity being observed in all these researches are probably racial 
characteristics, while pigmentation is also a racial characteristic 
and does not affect colour vision independently of their association 
in racial differences. 

It has often been thought that the darkening of the red in pro- 
tanopes might be due to pigmentation. Though it is a very unlikely 
theory indeed that a “ minus red” filter of sufficient density to 
produce the observed degree of darkening of the red in protanopes 
could exist in the eye without being seen by direct inspection, 
there is some interest in comparing the frequencies of dark and fair 
with the frequencies of protanopes and deuteranopes. These 
frequencies are shown in Table 121. Green anomalous subjects 
are included, though they do not have darkened red, and all red 


TABLE 121 


Proportions or DARK AND Farr 


Prot. Deut. G. Anom. R. Anom. — Totals 
Dark. m ai 24 15 7 67 
Fair a: « 27 41 30 7 105 
Totals .. +. 48 65 45 I4 172 


ion between race and colour-vision variations 
was brought out clearly by the work of Rivers,?3,2 who used Holm- 


gren’s wools, Lovibond’s tintometer and Nagel’s cards, in testing 
natives of Murray Island, of Upper Egypt, and in two Indian groups: 
the Todas, and the Uralis and Sholagas. The scientific value of 
results gained with the wools and the tintometer are seriously open 
to question, but red-green blindness was found to be exceptionally 
common among the Todas, though never found among Papuans. 
Sensitivity to yellow and particularly to blue were found to be 
decidedly lower than in white races, and Rivers regards this as 
confirming the view that the inadequate nomenclature for blues 
found often among primitive races is connected with a weakness in 
that colour. This would be confirmed by the findings of the present 
research, weaknesses in yellow and blue being the most frequent 
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colour-vision defects in white peoples, but decidedly more frequent 
among the members of dark-skinned races. 


COLOUR VISION OF CHILDREN 


In a research on 525 boys and 252 girls, between 5 and 15 years 
of age, Mr. Robert Brown found that the Ishihara Test showed no 
differences in the frequencies of major red-green defectives in 
comparison with adults. Of these children 81 boys and 36 girls also 
did the Four-Colour Colorimeter Test, and, after excluding 6 boys 
and 1 girl who were major defectives, there were no significant 
differences from normal adults in the distributions of red-green 
and yellow-blue matching ranges or deviations. 


PERSONALITY, TEMPERAMENT AND COLOUR BLINDNESS 


In at least three ways the relationships of temperament and 
personality to colour-vision defects are interesting. The first may 
be illustrated by a short experiment which was carried out with 
seven major red-green defectives and a group of many normal 
men taken at random. All the subjects were well known to the 
writer, and he entered notes of any temperamental peculiarities 
they showed during the Rotating Disks Test in a suitable table. 
It became clear from an application of the Chi-squared technique 
that the colour-blind group showed significantly more peculiarities 
of temperament and personality than the group with normal colour 
vision. 

An attempt was made to have this experiment continued by a 
student, but it was abandoned owing to adverse circumstances beyond 
control. However, there is no doubt that a carefully planned research 
on this matter would be of great interest. It would be likely to 
support a form of Adler’s theory that abnormalities of personality 
are traceable to the influence of “ organ inferiority”. Such a 
research would require the application of a variety of tests of person- 
ality to a random group including normal and colour-blind subjects 
by a tester who did not know which were colour blind. A number of 
Special points would have to be taken into account. The question 
of the subject’s consciousness or otherwise of his defect would be 
important, and it would be necessary to show how far the abnormalties 
of personality were due to other and more fundamental causes. 
Personality tests alone would not be sufficient, and careful case 
histories would have to be taken as well, to show how the “ organ 
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inferiority ” of colour blindness had affected the subject at different 
ages and in different situations. i , 

The second way in which the subject’s temperament is related 
to colour blindness may be illustrated from certain deuteranopes. 
The first was an extreme defective in red and green with a large 
yellow weakness as well. He was a University lecturer in Logic, and 


red ”, “ green ” and “a dirty colour ”, where they saw no differ- 
ences, and at other times he used one name where they saw several 
distinct hues. From what has been said in other chapters it will be 
clear to the reader how this can happen, and how a major defective 
can even gain the reputation of being exceptionally sensitive by 
continually doubting colour matches made by other people. The 
ee special colours was also 
supported in his judgment, though quite erroneously, of course, by 
his ability to read those plates in the Ishihara Test which normal 


ot understanding the principle on 
which these plates are made, he drew the inference that he could see 


Like many other colour-blind people of a thoughtful and analytic 
temperament, who have an inquiring and sceptical turn of mind, he 
was extremely clever at exploiting all manner of indirect clues which 
indicated colour differences which he could not see, and after 


was very seldom wrong in daily life, which confirmed his false 
impression that his colour vision was very good. He was like another 
extreme deuteranope who also refused to admit his own defects, 
and who carried out a Piece of serious “ scientific ” work on the 
influence of colour filters on the accuracy of readings with range- 
finders in the 1914-1918 war. It is not Surprising that the results 
were negative. 

The third was a moderate deuteranope and he illustrates the 
effect of the opposite attitude. He was also a very intelligent man, 
a lecturer in engineering, objective in outlook, and preferred to 
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naming, and then felt triumphant, he was equally often wrong, and then 
laughed heartily and corrected himself if possible. Instead of hiding 
his defect, he displayed it, like a woman deuteranope who used her 
disability to amuse and astonish her friends. On the whole the 
engineer subject made far more errors than the logician, though the 
latter was at least twice as defective. 

These kinds of temperamental influences, in various forms and 
degrees, affect all colour-blind people, and often make the practical 
consequences of their defects in daily life difficult to correlate 
closely with the measurements of those defects made in the laboratory. 

The third form of personality influence on colour vision is 
generally due to fear of colours traceable to infantile experiences. 
The writer has reported elsewhere,?® a case of total colour blindness 
of hysterical origin. The subject was an extreme deuteranope at 
best, but he lost his colour vision entirely at an early age, owing to 
fear of being strangled by his mother with a brightly coloured 
scarf which she twisted round the child’s throat one day to protect 
him when he had a cold. As an adult he had an hysterical breakdown 
with a personality change which involved a regression to the phase 
of childhood before the event with the scarf. This change brought 
back his colour vision (as a deuteranope) but at the same time 
he lost his memory for current events. The change gradually 
reversed itself as he recovered, and he became totally colour blind 
again but regained his normal adult memories. By hypnosis he was 
enabled to recall the terrifying incident of the scarf in childhood, 
and recovered the colour vision of a deuteranope permanently. 

This case is concerned with too many psychiatric problems to 
be dealt with fully here, but there is no doubt that occasional forms 
of colour defect might be due to the process of dissociation resulting 
from fear, and that their detailed study would be extremely interest- 
ing if they could be found and satisfactorily analysed. The writer ` 
has met with two other cases in which there was a suggestion of 
hysterical origin: one a woman protanope with darkened violet 
and darkened green, and the other a woman red anomalous subject, 
but it was not possible to investigate these cases adequately from 
the psycho-analytic point of view. 


TreM-ANALYSIS OF THE ĪSHIHARA TEST 


In order to answer two further questions about the Ishihara 
Test, a complete item-analysis was made of Plates 2 to 25 of the 
8th Edition of the Test (Kanehara, Tokyo, 1939). The two questions 
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were : (1) Whether any plates can be found which are specially good 
for distinguishing particular types of defectives; and (2) Whether 
a shortened and more reliable form of the test can be made by select- 
ing certain plates and excluding others. 

The item-analysis was carried out on the results of testing 239 
normal and 145 major defective subjects, all of whom also did the 
rotating disks or colorimeter tests. They were classified into 
fifteen groups, as shown in Table 122. Some subjects had to be 
transferred to yellow and blue minor defective groups from other 
groups (as shown in sections on the Ishihara Test in earlier chapters) 
for the purpose of this section, because yellow and blue were not 
considered before. Also some new subjects have been added here. 

This version of the Ishihara Test consists of six sets of four 
plates, excluding the first plate, which is a “joker ” and is used 


wish to be thought colour blind. This plate and the remaining seven 
“ wavy-line ” plates, which are for testing non-readers, will not be 
considered here. Each set of plates was dealt with separately by 
estimating the order of reliability of its four plates for each type 


errors (from their point of view) added to half the sum of the false 
alternative readings given by major defectives, The difference in the 
method of scoring was due to the fact that no alternative reading can 
be regarded as in any way right for the normal, but may be regarded 
as partly right for the major defectives. 

Plates 2—5 show pink figures on green backgrounds, each with 
an alternative which is correct for major defectives. Plates 6—9 
show green figures on pink backgrounds, also with an alternative 
reading for major defectives, 
that Plates 2, 3, 6 and 7, in whi 
for normal subjects but not for major defectives, while Plates 4, 5,8 
and 9, in which there is a double figure, were reliable for major 
defectives but not for normal subjects. None of these plates had any 
capacity to distinguish any type of major or minor defective better 
than any other. 

Plates 1o—13 show a pink figure on a green background, and 
14—17 a green figure on a pink background, without any reading for 
major defectives. Among these plates 10, II, 14 and 15, in which 
here is a single figure, were reliable and did justice to all types of 
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subjects, while those in which there is a double figure, namely 12, 
13, 16 and 17, were unreliable because they suggested too many 
alternative interpretations. None of these plates was better for any 
type of subject than for any other type. : 

In Plates 19—22 the major defectives should read a greyish figure 
on what is for them a fawn or greenish background, while normal 
subjects should see a multi-coloured background without any figure. 
None of these was very reliable for any type of subject, normal or 
abnormal. £ 

In Plates 23—25 the normal subjects read a double figure, one 
digit being red and the other magenta, on a dark grey background. 
Major defectives with darkened red are supposed to see the magenta 
figure and others the red figure, as explained elsewhere. These 
plates are very reliable for normal subjects, who seldom make errors , 
or give alternative readings for them, but they are very unreliable 
for all types of major defectives. 

In making a shortened form of the test, Plates 10, 11, 14, 15, 18 
and 23 were chosen. Plates 10, 11, 14 and 15 were the most reliable 
for all types of subjects, normal and abnormal, while it was considered 
an advantage to have at least one plate which the defectives could be 
expected to read, and one plate which might give some indication 
of the difference between those with and those without darkened 
red, and Plates 18 and 23 seemed best for these purposes respectively. 

Table 122 was then drawn up to show the numbers of errors 
made by different types of subjects on this set of six plates. The 
average major defective made about 5 errors, and the exclusion of 
Plate 23 would make the short test more reliable for them. ‘The 
normal subjects and minor defectives made about 0-4 errors (on all 
six plates together), while the exclusion of Plate 18 would make the 
shortened test more reliable for them. No type of minor defective 
could be effectively distinguished, though the numbers of errors 
ranged from none for blue deviants to 067 for green deviants. 
The extreme deuteranopes, red anomalous and protanopes were the 
most consistent failures among the major defectives, while the green 
anomalous tended to give the largest variety of alternative readings 
and often to be able to see the normal as well as the “ defective ” 
reading for many plates. Deviant and moderate deuteranopes fall 
between these extremes. It would not be possible, however, to 
distinguish the type of any major defective as an individual. In 
this, as explained before, the Ishihara Test must be ranked as a 
complete failure, and on its basis we should have no clear idea 
of types of major defectives at all. 


ue 
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This shortened form of the test would have the advantages of 
quickness, and of unequivocally separating major defective subjects 
from the normal and minor defective types, but it would have the 


TABLE 122 


FREQUENCIES OF ‘“‘CoLouR-BLIND” READINGS ON Six PLATES OF THE 
ISHIHARA TEST: 239 NORMAL AND 145 Major DEFECTIVE SUBJECTS 


jects : j Plate Number and Errors : 

Subjects ate ; mber ; Auei 

No. Type 10 IL 14 15 18 23 of Errors 
65 | Normal o I o o 18 o 0'29 
29 | R. Dev. I 2 I I 13 o 0°62 
21 | G. Dev. 2 2 2 2 5 I 0°67 
51 | R-G. Weak I ri o I 15 o 0'47 
9 Y. Dev. o o o o 4 o 0'44 
9 B. Dev. o o o o o o 0°00 
55 Y-B. Weak I o I I 14 o 0'31 
42 | G. Anom. 25 31 29 30 30 9 3°67 
20 Dev. Deut. 17 18 19 18 18 15 5525 
21 Mod. Deut. 16 16 16 16 16 10 4'29 
14 | Ext. Deut. 14 14 14 14 13 14 5°92 
7 | R. Anom.(N.R.) 5 6 6 6 6 6 5'00 
oP Re Anom.(D.R.) 7 7 6 7 5 4 5°24, 
to | Mod. Prot. 9 10 9 9 10 4 5°20 
24 | Ext. Prot. 24 24 24 24 24 5 5'21 


serious disadvantage of being very short and would offer the tester 


a very small number of sub-tests although he might keep the other 
eighteen for use if any difficulty arose. 


THE YELLOW-BLUE AND BLUE-GREEN PLATES IN STILLING’s TABLES 


A number of subjects in the rotating disks and colorimeter 
tests were asked to read the yellow-blue and blue-green plates in 
Stilling’s Tables (17th edition, Leipzig, 1926), in order to study the 


validity and reliability of these plates as tests of yellow-blue weak- 
nesses, for which they are intended, 


The subjects were classified as follows :— 
Absolutely Normal: 13 men; 26 women 
Red-Green Weak: 4men; 16 women 
Yellow and Blue Deviants: 11 men; 
Yellow-Blue Weak: 


Total of Normal and Minor 
Defectives: 


10 women 
35 men; 23 women 


63 men; 75 women 
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Green Anomalous 3 men; 1 woman 
Red Anomalous: 1 man; 0 women 
Deuteranopes: 13 men; 0 Women 
Protanopes: 10 men; #4 women 


Total of Major Defectives: 27 men; 5 women 


The plates used in Stilling’s Tables were as follows :— 


XK: (3); Xe BY — yellow on blue. 
XI, (3); XI, (38) — green on blue 


They were read at a distance of one metre and were illuminated 
by a 60-watt daylight lamp. 

Comparisons were made between the frequencies of normal 
readings and of errors (“‘other” and “ no” readings) for absolutely 
normal subjects and five groups of defectives: red-green weak; 
yellow and blue deviants; yellow-blue weak; major defectives 
together; protanopes alone. The Chi-squared technique was used. 

It was found that Plates X, (2) and Xa (76) were correctly 
read by all subjects except protanopes, who made -a significantly 
larger proportion of errors than those who were absolutely normal, 
though not enough to be detected by these plates consistently. 
Plate X, (83) was quite unreliable and gave numerous errors with 
all types of subjects. 

Plate XI, (42) was significantly more difficult (on the 0-02—0-05 
level) for major red-green defectives, and for the yellow-blue weak 
(on the o-or level) than for normal subjects, but could not be used 
to detect them consistently enough to be of practical value. Plates XI, 
(63) and XI, ($) were quite unreliable for any types of subjects, 
normal or defective. . 

It is suggested that the difficulty of making a pseudo-isochromatic 
test for minor yellow and blue defectives is likely to be even greater 
than for minor red and green defectives, because they are more 
widely scattered. No sharp dividing line has been found between 
“normal” and major defectives in the study of yellow-blue vision, 
comparable with the divisions between “normal” and major red- 
green defectives, and which makes the use of pseudo-isochromatic 
tests of red-green “ blindness ” practicable. The most extreme 
yellow-blue defective, who might reasonably have been called 
yellow-blue “ blind ” was able to read the yellow-blue plates (X, and 
X+) with a little difficulty. Nevertheless, the blue-green plates 
(XI, and XI,) correspond to the commonest confusion made by 
those with a blue defect, namely the confusion of blue with green, 
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while Plates VII, VIII and IX, correspond to the commonest 
confusion made by those with a yellow defect, namely that between 
yellow and orange (though lack of time prevented their study in this 
research). 


INHERITANCE OF MINOR WEAKNESSES 


No consistent tendency can be found for the minor individual 
differences of matching range or deviation among the normal 
group of the population to be associated with sex. On the other hand 
it is quite clear that the major individual differences, including 
anomalous colour vision, protanopia and deuteranopia, are com- 
moner among men than among women, in a proportion correspond- 
ing to expectation based on the theory of sex-linked inheritance. 
This corresponds with the evidence, which is very strong, that the 
types of major red-green defective are discontinuous variations. 

Since the red-green and yellow-blue minor defects of the “ colour 
weak” and the red, green, yellow and blue minor defects of the 
“ deviants ” are shown to be equally common in men and women, 
they are not totally sex-linked. Similarly, darkened violet cannotbe 
sex-linked. Numerous studies of families whose members show 
minor defects, however, indicate that they are inherited, though they 
are continuously variable in the Statistical sense. From all such 
studies women with colour-blind or anomalous relatives must be 
excluded, because it is evident that any special defects they show are 


due to their having among them a high proportion of normal hetero- 
zygotes for major red-green defects, 


Several possibilities must be considered in connection with the 
inheritance of minor defects. In the first place, one experiment, the 
four-colour test, suggested that blue deviations were slightly more 
common among women and yellow deviations among men. This differ- 
ence, if upheld by further research, might be due to differences in the 
habits of the two sexes, as, for instance, to smoking pipes and cigars, 
which is commoner among men than among women. Also, it might 
be due to sex-controlled inheritance, in which there is no genetic 
sex-linkage, but the character in question tends to appear more freely, 
or even exclusively, in the physiological environment for the genes 
provided by one sex rather than in that of the other. Dominant 
white forelock, found exclusively among men, but not sex-linked, 
is the best known example of a sex-controlled character in human 
heredity.2® The appearance of a character, in this case a minor 
colour-vision defect in yellow, more freely in men than in women, 
might be due to the gene being located on the non-pairing portion of 
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the Y chromosome (holandric inheritance), when the character is 
passed on directly from father to son.?? 

Although minor colour-vision defects are not associated with 
sex, except for the possible exception just mentioned, it is still 
possible that some of these defects may be due to partial sex-linkage. 
This is a form of sex-linkage in which the gene has its locus upon 
the small part of the sex chromosomes which are common to both 
sexes.28 In the population at large a character so inherited will be 
found equally frequently in both sexes, but if its inheritance in 
particular families is studied, it will be found to be more common 
among the men in some families and among the women in others. 
Some evidence suggested this possibility during the course of the 
researches here reported. For example, in one family yellow-blue 
weaknesses appeared in father and son, but not in either daughter, 
while in another family this weakness appeared in the mother and 
two daughters, but not in the son. Careful notes were therefore 
kept of a large number of family groups, and all possible combinations 
were found equally freely. Some families showed yellow-blue 
weaknesses in all members irrespective of sex, some in father and 
daughter, others in mother and son, or in one son or daughter and 
not in the other. In two families in which red-green major defects 
were inherited by the sex-linked mechanism, yellow-blue weaknesses 
were also inherited irrespective of sex, though most of the families 
which showed sex-linked red-green defects did not show any yellow- 
blue weaknesses at all. Nevertheless, the evidence that there might 
be a sex difference in minor yellow-blue defects concerned deviations, 
while it is likely that most of the evidence which indicates no connec- 
tion with sex concerns colour weaknesses in yellow and blue. It is 
Possible that there is more than one type of yellow-blue defect, each 
Possibly sub-divided, and that one form of yellow deviation is totally 
sex-linked in the holandric manner, while one or more of the other 
forms are partially sex-linked, and the possibility of sex-control for 
some forms of minor yellow-blue defect cannot be excluded with 
certainty. ‘The same applies in a parallel way to minor red-green 
weaknesses (excluding the weaknesses of normal heterozygotes), 
except that there has been no suspicion of sex-control or holandric 
Sex-linkage here. i 

In general, however, minor colour-vision defects are definitely 
inherited, being more frequent among relatives than among those 
unrelated, and appearing among relatives in characteristic form. 
What is inherited is not a general tendency to colour-vision weaknesses 
of a minor kind, which may take any form. In addition there is a 
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tendency for these weaknesses to be less marked in offspring than 
in parents, in accordance with Galton’s well-known principle, 
illustrated by the fact that children of tall parents are generally less 
tall than their parents but taller than the mean for the population at 
large. Such results might be explained most easily on the assumption 
of several pairs of genes, producing identical or slightly different 
effects, but interacting or combining instead of being mutually 
exclusive like dominant and recessive allelomorphs.** In the operation 
of additive genetic effects, the more extreme a subject in the character 
in question, the more is he homozygous for all or any of the pairs 
of genes concerned, while the intermediate subjects tend to be 
predominantly heterozygous for all the pairs of genes, or homozygous 
for equal numbers of opposed pairs. This is probably the way in 
which most normally or continuously distributed characters such 
as height and intelligence are inherited.2® For example, if there were 
three pairs of genes controlling blue deviation, three controlling 
yellow deviation, and four pairs of genes controlling the magnitude 
of the yellow-blue matching range, all inherited independently and 
acting in an additive Way, not sex-linked, then an effect such as that 
actually observed might result. A similar but independent system 
of Pairs of genes Producing red and green deviations and red-green 
matching ranges would have to be assumed, but they would operate 
independently from the well-known  sex-linked allelomorphs of 
red-green major defects. From the normal distribution of red, green, 
yellow and blue deviations (apart from sex-linked anomalies), it 
would be inferred that genes producing red are as common and as 
effective as those producing green deviations, and the same for 
yellow and blue. Since the spread of variations in yellow-blue devia- 
tion 1s greater, however, it might be inferred that the number of 
pairs of genes at work in the yellow-blue system would be consider- 
ably larger or their effects gr 
ranges are strongly skewed, it might be inferred that the genes 
producing large matching r 
blindness) in red-green, or 

effective than those produc 
ranges are larger than those 
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account for some observed differences, and will smooth out the 
step-wise distributions produced theoretically by the hypothetical 
Pairs of genes mentioned above. The apparently greater scatter of 
mid-points in men might be due to holandric inheritance of additive 
genes. 


INHERITANCE OF Major Derects?! 


The evidence is very strong that the defects of red-green vision 
found in protanopes, deuteranopes, and in red and green anomalous 
subjects are totally sex-linked. ‘That is to say, these conditions are 
discontinuous variations from those of normal red-green vision, 
and are alternatives to them, determined by the appropriate genes 
carried on the non-pairing part of the X chromosome. Their 
discontinuous nature, however, has never before been fully established, 
and the different forms of red-green major defect mentioned above. 
have often been assumed to be variable effects of the operation 
of one allelomorphic gene contrasting with the normal condition. 
There are, in consequence, several points of interest which deserve 
attention, and these may be mentioned now. 

Firstly, it is easy to distinguish anomalous subjects from the 
most extreme or the ordinary deviants. The deviants rarely have 
a mid-matching point outside the limits of + 3 X sigma, which 
puts them as a class within the limits of normal variation, while 
the deviations of anomalous subjects are seldom less than + 6 x the 
sigma for the normal group, which puts them a long way outside 
these limits. One or two of the most extreme red and green deviants, 
however, were able to produce some evidence arousing suspicions 
of sex-linkage, though very slender. For instance, one extreme 
green deviant reported that his maternal uncle had been failed in a 
colour test for the Mercantile Marine, while an extreme red deviant 
reported the same of his maternal grandfather. Now it is possible 
that the uncle of the one was green and the grandfather of the other 
was red anomalous, or that they had other forms of major red-green 
defect, and that the deviations of the subjects tested, though not 
sufficient to class them as anomalous themselves, were two cases in 
which the physiological environment of the sex-linked genes was not 
suitable for a full development of the appropriate characters in 
the phenotypes. There are other possibilities, but it is most likely 
that the genes for the defects of the deviants were segregating in a 
way not sex-linked and quite independent of those for the defects 
of their major defective relatives. Nevertheless, such cases are rare, 
and in general there is no difficulty in establishing the independence 


350 INDIVIDUAL DIFFERENCES IN COLOUR VISION 


of red and green normal deviations and red and green anomalous 
conditions. In just the same sort of way, and again with a small 
number of interesting exceptions, it can be shown that protanopes 
and deuteranopes are discontinuous with ordinary small variations 
of matching range which are not sex-linked like the major defects. 

Secondly, there is some evidence that, if exceptional fatiguability 
is a distinct form of colour-vision defect, it is also sex-linked, because, 
so far as it was observed in this research, it occurred only in men. 
Again, it might be totally sex-linked, or follow the exclusively 
male sex-linked pattern, being passed on from father to son without 
ever occurring even as a recessive in women. It is very unlikely 
to be partially sex-linked, because then, on the average, it would be 
found as frequently in either sex, 

Thirdly, it is clear that in heterozygous women who inherit one 
gene for a major red-green defect and one for normal colour vision 
some degree of defect may be observed and measured much more 
frequently than in normal women. This small defect is usually 
an exceptional red-green matching range, and it seems very likely 
but has not been proved that the heterozygote for the red anomalous 
condition is always a red deviant, though that for the green anomalous 
condition is most often a green deviant; that for deuteranopia 
red-green weak, and that for protanopia red-green weak without 
slight darkening of the red. We have little information about the 
heterozygous phenotypes for the major red-green defects in con- 
bination. Further difficulties arise because it is not often possible 


to be certain to what genotype in a woman a given phenotype 
corresponds. 


In an attempt to clarify the problems of the inheritance of major 
red-green defects, certain pedigrees have been compiled from the 
data of the present research, They have been classified in the 
following way: (a) Father and son; (b) Father and daughter; 
(c) Mother and son. No family in which there was a colour-blind 
or anomalous woman has included a colour-blind or anomalous 
mother and daughter together. It has also been most unfortunate 
that the fathers of several green anomalous and colour-blind women 
were dead or inaccessible, and that where a daughter or son and father 
could be tested there was often no sibling of the other sex, Although 
many relatives have been most generous in giving their time for 
the laboratory tests, others have been adamant in their refusal, 
and the writer has been forced to accept defeat with a good grace. 
Material of this kind can be accumulated but slowly, and it is to 
be hoped that persistent research will gradually fill the gaps, in the 
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course of time. Nevertheless, the following pedigrees show several 
important points. i 


(a) Father and Son* 


Pedigree I. Pedigree I. 
gd x 9H? gdx 9H 
| | 
od’ 3d 
Pedigree III. Pedigree IV. 
N? x QH? x SN? QH x dN x 9H? 
First | | Second First | | Second 
dp? dp x 2H? $d gp i 


| | | 
ód 4N SN? 


In these pedigrees, in which father and son were major defectives, 
both were efficiently tested. In Pedigree I father and son had 
different defects, and in II the same. In II the father was a protanope 
and the son a deuteranope. In IV there were two sons with different 
defects, one by each wife, but in III two sons with the same defects 
by different husbands. In II the mother was a heterozygote according 
to the tests, but in the other pedigrees there was no direct evidence. 
The easiest explanation in all these patterns is to suppose that the 
mother was in each case a heterozygote for the defect shown by her 
son, This was the same as that of the father in IT, but not in I or Til. 

Nevertheless, it must be said that we cannot absolutely exclude 
the possibility of (xx) and Y chromosomes in the mother in II, in 
which case the son might gain the father’s defect in his X chromo- 
somets,20, We have good evidence of independent segregation of 
Protanope and deuteranope genes, and in ITI sons of the same mother 
had the same defect but her grandson was different. This, however, 
depends on accepting hearsay evidence of good quality that the 
untested son by the first husband was a protanope. In IV the two 
mothers of the half-brothers by the same father must have been 


heterozygotes for different defects. 


*In these pedigrees the following notation will be used:— ĝ = male, 9 = female, 

= normal, H = heterozygote, p=protanope, d=deuteranope, d’ =deviant 

deuteranope, g = green anomalous, r=red anomalous without and r’= red 
anomalous with darkened red, ? = not tested by the writer. 
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(b) Father and Daughter 


Pedigree V. Pedigree VI. Pedigree VIa. 
op x QH SN? x QH? GN? x OH? 
| | 
| l l | l Pr 
Sp 9p QH oN? Qp 


Pedigree VII. 


| 
| l | l l 
Sp Sp? 9p 9p 9P Sp? PH 9H? x gN? 


Sp? 
Pedigree VIII. Pedigree IX 
gd? x QH QN? x gd’? oN? x 9H? 
| | | 
| | | | | | Lie 
Qd’ $d! PH $H 9H x gd’ 9H OH 
| 
| | 
ed’ gN 
Pedigree X. Pedigree XI. 
3d’ x 9H? $d? x 9H 
| l 
| | Pg 
3 N? ga” 

Pedigree XII. Pedigree XIII. Pedigree XIV. 
d? x 9H d x 9H dd x @H° 
| | | 
Pg | | Pg 


QE oN 


GENERAL CONCLUSIONS 353° 


Pedigree XV. Pedigree XVI. 
gd? x 9H? | | | | 
| gd x@?H 3N SN? SN? 
9d x gN? | 
| | | | 
PH $g 98 8B 


Pedigree XVII. 
og? x 9H? (ford) 
l 


| | | | | | 
3N? gd’ x QH(forg) d dd? GN 
| 


Qg 
Pedigree XVIIa Pedigree XVIIb 
| | 
xar ar? QH (for d’) x gd’ 
| 
| . Le] 
QH (for r’) x dp gd’ gd’ gd’ gN 
| 
eae meee 
er’ 9? gN 


Among these cases it is apparent that the same degree and kind 
of defect appears in father and daughter in Pedigrees V, IX, X, and 
Probably in VIII, in which the father was tested at home with the 
Ishihara Test by one of the daughters who was a very reliable tester. 
In VI and VIa the daughter would appear to be the only defective 
member of the family; in VI father, mother and brother were all 
tested at home with the Ishihara Test, but in VIa this was impossible. 
In VII there was hearsay evidence that father, untested sibs and 
the son of one of them, were all extreme protanopes. It is my experi- 
ence that this sort of evidence may be granted some credence, 
especially when given by several people who know their own defects 
very well and do not seek to hide them, as in this family. A person 
does not often become notorious in a family circle for certain kinds 
of errors in colour naming and matching unless he is a major defective. 

In XI and XII there was good hearsay evidence that the fathers, 
Now dead, had defects more obvious than those of the green anoma- 
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lous daughters, because their defects were not known until the tests 
were done, whereas their fathers were reputed to be colour blind. 
The evidence did not suggest darkening of the red endof the spectrum. 
In XIII, XIV and XVI and XVII adequate tests proved that the 
father was a deuteranope and that the daughter was green anomalous. 

Thus we have evidence that daughters can follow their father in 
being either protanopes or deuteranopes, and the degree of the 
father’s defect was reproduced in the daughter in at least three cases. 
There is also evidence that the daughter can be green anomalous 
while the father is a deuteranope, or red anomalous while he is a 
protanope and the maternal grandfather is red anomalous. The ex- 
ceptional Pedigrees VI and VIa will be found to support the two-locus 
theory of Waaler. Where the daughter follows the father it is not by any 
means certain that the mother was heterozygous for the same defect. 
The father’s defect may have been dominant to any other type of defect 
recessive to the normal condition in the mother, Where the daughter 
does not follow the father it is clear that her condition must be domi- 
nant to his and must be the same as that for which the mother is a 
heterozygote. The latter state of affairs occurred in XIII, XIV, XVI and 
XVII, and probably in XI and XII, The green anomalous condition 
would therefore appear to be dominant to that of the ordinary and the 
deviant deuteranope. In XVIIa redanomaly is dominant to protanopia. 

Where all the sibs are alike it is reasonable to suppose that we 
are dealing with a family in which both parents had the same defective 


in V for protanopia or a condition recessive to it. Thus in VIII and 
IX the defective girl’s mother was not a heterozygote for the green 
anomalous condition. Beyond that the reader may draw his own 


morphs, and we have evidence of their probable order of dominance. 
Further observations will be made about this problem, 

If we turn for help to a consideration of the kind of defect, if 
any, shown by the women relatives of women who are major red- 


women were heterozygous defectives, there was in each pedigree a 
normal heterozygous sister who was red-green weak without any 
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deviation. Similarly, in pedigrees VIII and IX, in which there 
were women deuteranopes, of the deviant type, not suspected of being 
heterozygous defectives, their women relatives were again red-green 
weak but with a green deviation; in VIII the mother was thus 
affected and in IX the mother and her two sisters, and also the 
two sisters of the father (who was a deuteranope like his daughter). 
On the other hand in pedigrees XI and XII, in which daughters were 
green anomalous and suspected of being heterozygotes with 
deuteranopia recessive, the mothers were green deviants. In XIII, 
XIV, XVI and XVII, which differed from XI and XII only in the 
respect that the father was tested and proved to be a deuteranope, the 
mother was,again in all cases a green deviant. In XVIIa the mother 
was a red deviant with darkened red. Hence, in so far as it is true 
that the normal heterozygotes for protanopia or deuteranopia tend to 
be red-green weak, appropriately with or without deviation, while 
those who are normal heterozygotes for either of the anomalous 
conditions tend to be deviants and not red-green weak, these 
additional data give decided support to the view that the green 
anomalous daughters were heterozygotes with deuteranopia recessive, 
while the red anomalous daughter was a heterozygote with protanopia 
recessive, In the same way the expectations based on pedigrees V, 
VII, VIII and IX, that the major defective women in them were 
homozygotes are likewise confirmed. : 

Pedigree XVII requires a special comment. In this family it was 
unfortunately impossible to test the first generation shown, since 
they were dead, but, in order to explain how the father (No. 2 in 
the second generation) can be a deviant deuteranope, while the mother 
(No. 3) is a green deviant and their daughter is green anomalous, 
while her brother (No. 4 in the second generation) is an ordinary 
deuteranope, we must assume that the parents of the first generation 
Were as shown : the father green anomalous and the mother a hetero- 
zygote for ordinary deuteranopia. Thus the gene for green anomaly 
Passed from grandfather to mother to daughter, and is dominant in 
the heterozygote gd’, while the gene for ordinary deuteranopia passed 
from mother to son, segregating separately from the green anomalous 
gene in the same family. Any other theory would probably be more 
complex. The green anomalous condition would seem to be domin- 
ant to that of the deviant deuteranope again. Pedigree XVIIb shows 
that deviant deuteranopia breeds true to type. 

A pedigree of special interest (XVIII) showed again the inde- 
pendent segregation of the green anomalous condition and deuteran- 
Opia, and also (provided it was not a mutation) of the red anomalous 
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condition. Unfortunately the members of the first generation were 
dead, but it was believed that the man in this generation was normal, 
because he had been a railway employee (though not a driver). The 
second generation included two women who were green anomalous 
in typical form, and a man who was believed to be normal but could 


(c) Mother and Son. 
Pedigree XVIII. 
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that she must have been a heterozygote, though of what kindit is not 
clear. 

Pedigree XIX, again of mother and son, the writer was not able 
to verify in all respects, because the mother, who was said to be a 
protanope, was dead, and the other members of the family were not 
accessible, with the exception of the colour-blind man. Nevertheless 
he was a good informant and was fully aware of the details of his 
defect, describing his confusions of red with dark brown and black, 


Pedigree XIX. 
Qp? x SN? 


| 
ÇH? 9H? ¢H? ik bean 


| | 
2H? gH 


of certain yellows and greens, of pink with pale blue, and of blue, 
violet and purple, quite clearly. He was an extreme protanope. He 
described his mother’s colour defects equally clearly, saying that 
it was necessary for somebody to choose coloured threads to match 
her sewing, and giving all the other details which left no doubt 
of her being a protanope. This pedigree is therefore worth including 
in the present book, although it does not add anything new to our 
information about the inheritance of colour blindness. If any 
of the daughters of the colour-blind woman had children, and if 
they could have been tested, it might have been possible to show 
whether she was a rare heterozygote, and thus to obtain information 
about the dominance order for protanopia and another defect, but 
it is quite likely that she was a homozygous protanope. 

The frequent doubts about the distinct genetic status of the green 
and red anomalous conditions justify the presentation of Pedigree 
XX. A woman was a marked green deviant and was able to confirm 
that there were suspicions that her maternal grandfather had been 
colour blind. Three years later her brother came on other business, 
and the writer recognised his name, which was an unusual one, and 
immediately challenged him to undergo the colorimeter tests. He 
Proved to be typically green anomalous. After this his other relatives 
were kind enough to present themselves, with the result shown in 
Pedigree XX. The other sister was normal, but the mother was a 
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green deviant and so was her sister, who also had three children. 
Of these one son was normal, the daughter was normal and the other 
son was typically green anomalous. Unfortunately the maternal 
grandfather was dead. In both branches of the family the fathers 
were normal. Here it is likely that the green anomalous condition 
was inherited from the maternal grandfather, and the corresponding 
heterozygous deviant condition appears in the mothers of the two 
green anomalous boys. 


Pedigree XX 


| | | 

fH @QN og SN SGN oe 

The precise magnitude of the major red-green defects is heredit- 
ary itself, because it is always the same in close relatives, except in 
those cases where father andson or father and daughter have different 
defects, which tend to prove rather than to refute the Mendelian 
principles. This precise inheritance of defects is most readily 
expressed in terms of multiple allelomorphs. The variability within 
each of these alleles will be due to the varying capacity of the genes 
to express their influence in the physiological environments provided 
by different stocks, Red-green blindness is decidedly variable, though 
the protanope, deuteranope and deviating deuteranope are clearly 
distinguishable, but all types of anomalous colour vision are relatively 
constant. The problems of the possible number of heterozygotes 
is very interesting. If it is true that there are six allelomorphs for 
human colour vision in its defective forms, then there must be many 
more than one kind of heterozygote among women, and if two loci 
on the X chromosome are assumed, as will be suggested below, then 
men must be capable of carrying two defective genes at a time. 
Most of the heterozygotes will, of course, be very rare, since about 
86% of women are normal homozygotes and only a fraction of 05% 
are homozygous defectives. All the different heterozygous genotypes 
are included in the remainder, and the great majority of these will 
be normal heterozygotes. The number of double defectives among 
men must also be small. The fact that there are many heterozygous 
genotypes in women cannot account for all minor variations of colour 
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vision in their sex, because both sexes are equally variable when the 
heterozygous women are excluded. For the present it must not be 
assumed that all double-defective genotypes among men are major 
defective phenotypes. 

Bell’s data’! collected from numerous sources are open, as she 
herself points out, to many possible criticisms, not the least of which 
may be the inadequacy of the tests used. All her cases correspond 
to expectations based on the theory of sex-linkage of Mendelian 
Tecessives. Even where the defect appears to pass from father to 
son, this theory is not necessarily contradicted, because the mother 
may have been a heterozygote. 

The first case of special interest is pedigree 512 in Bell’s list 
(Plate XXXVI). In this the father was a deuteranope and the mother 
was the sister of a deuteranope, but two sons were protanopes and 
two were normal. Neither of the mother’s parents were tested, and 
it is not impossible that she herself was a heterozygote for protanopia 
derived from her father, while her brother was’ a deuteranope 
following their mother, who might have been a heterozygote for 
that condition. Pedigree 527 (Plate XXXVII) is also of exceptional 
interest, It shows two sons as protanopes, two as deuteranopes 
and one daughter as normal, from parents both said to have had 
normal colour vision. In such a case it is not improbable that the 
mother was a heterozygote for protanopia and deuteranopia together, 
and, since the father was normal, neither defect appeared in the 
daughter, who would have been a heterozygote for the one condition 
or the other, Another not dissimilar pedigree is 563 (Plate XXX VII), 
in which one son was a protanope and one a deuteranope, while 
no information was given about the parents. Here again, the sons 
must follow the mother, and she may have been a heterozygote for 
Protanopia and deuteranopia together, each son taking one defect. 
Pedigree 565 (Plate XXX VIII) shows father and daughter as deuter- 
anopes, but there was no information of the condition in the mother’s 
family. Whatever defect was latent in the mother, unless it was also 
deuteranopia, must have been recessive to that condition. None of 
these cases give any indication of a defective phenotype corresponding 
to the possible protanope-deuteranope heterozygous genotype. 
Indeed, if any conclusion about this phenotype could be drawn, 
however tentatively, it must be almost or completely normal. 

Those cases shown in’ Plate XLI, which give evidence of the 
distinction between anomalous and red-green blind subjects, are 
€xceptionally interesting. Pedigree 593 shows the separate segrega- 
tion of the “ protanomalous ” condition and an undefined form 
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of red-green blindness. Separate segregation of deuteranopia and 
the “ deuteranomalous ” condition is shown by several pedigrees, 
while pedigrees 591, 595 and 597 show the inheritance of “ deuteran- 
omaly ” and “ protanomaly ” as distinct allelomorphs to the normal 
condition. Pedigrees 594, 598, 600 and 6or all give strong evidence 
for the view that “ deuteranomaly ” is dominant to deuteranopia. 
In 594 the daughters follow the father who is “ deuteranomalous ”, 
while the son is a deuteranope, presumably following the heterozy- 
gous condition of the mother. In 598 the same state of affairs is 
highly probable, the great-grandmother being a heterozygote for 
deuteranopia, and two of her sons and four grandsons follow her 
(through a granddaughter who must have been a heterozygote for the 
same condition). On the other side of the family the daughter 
married a man who may have been “ deuteranomalous ” and they had 
a son who was a deuteranope, following his mother’s genotype, and 
a “deuteranomalous ” daughter, following her father’s possible 
phenotype, while she had two sons, one “ deuteranomalous ” and 
the other a deuteranope. She must have been a heterozygote for 
these two conditions together, though in phenotype she was “ deuter- 
anomalous ”, and each of her sons had one type of defect. In pedigree 
600 we find a “ deuteranomalous ” woman (IV, 17, in the pedigree), 
descended from a “ deuteranomalous” man and a woman herself 
possibly heterozygous for deuteranopia (but not from I, 2, who is the 
grandparent given in the pedigree). This “ deuteranomalous ” 
woman had two brothers who were deuteranopes (IV, 15 and 16). 
Again the defective woman is a heterozygote for deuteranopia and 
the “ deuteranomalous ” condition together, but the latter is domin- 
ant. Finally, in pedigree 601 the state of affairs is very closely similar, 
for the “ deuteranomalous ” woman (III, 8, in the pedigree) who 
had a “ deuteranomalous ” father and a mother who might have been 
a heterozygote for deuteranopia, was again a heterozygote for the 
two conditions together, so it seems, but “ deuteranomaly ” was the 
dominant. 

In discussing these cases the terminology used by Bell (and 
many others) has been retained, but if we interpret “ deuteranomaly ” 
as green anomaly and “ protanomaly ” as red anomaly, it will be seen 
that the analysis lends strong Support to the theory put forward in 
the present work, namely that the different genes for red-green major 
defects are multiple allelomorphs, and it provides no evidence which 
of necessity goes against that theory. In particular the analysis supports 
what was found in several cases discussed in this research, namely, 
that the green anomalous condition is dominant to deuteranopia. 
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Tue Two-Locus THEORY 


Other work on this subject, reviewed by Gates,!® strongly 
Supports the multiple allelomorph hypothesis. There is evidence, 
from the data of Waaler®? and others, that there may be two separate 
loci, one for “ protanomaly ” and protanopia, and the other for 
“deuteranomaly” and deuteranopia, and Franceschetti*#®> extended 
the series by the assumption of separate genes for extreme “ pro- 
tanomaly ” and extreme “ deuteranomaly”. He has formulated 
the view that the two sets of multiple allelomorphs have dominance 
orders : N—PA—EPA—P; and N—DA—EDA—D (in which PA is 
used for “ protanomaly ” and so on for the other symbols). Subse- 
quent investigations by Brunner and others tend to support this inter- 
Pretation, though the dominance relationships do not always accord 
with those expected on Franceschetti’s theory. It must be remembered 
that much of the previous work has been handicapped by limitations 
of the methods applied, and by lack of clear definition of anomalous 
colour vision as distinct from colour blindness. In the present 
research a serious attempt has been made to show which of the 
defective types may be regarded as discontinuous forms of variation 
and that they also segregate independently and are inherited true 
to type.2t_ The application of the criteria put forward calls for a fresh 
Study of the inheritance of colour-vision defects. 

On the two-locus theory at least some of the combinations P8, pd, 
dr, gr (and presumably pd’, d'r, d'r’, dr’and gr’, not hitherto recognised) 
Should be normal, deviant or colour weak. This is actually claimed 
by advocates of the two-locus theory,®® and is supported by Bell’s 
Pedigrees 527 and 563, and possibly by Pedigree XVII in this book. 
As Gray has pointed out,” following Waaler,®* a discrepancy of 
about o 2% in the observed frequencies of defective women, when 
0.64% are expected on the single locus theory but only 0-44% are 
found, might be explained in this way. 

An interesting discussion of this problem has been published 
by de Vries,!® and is based on the assumption that measurements 
of Sensitivity with the flicker photometer enable us to draw conclusions 
directly about the proportions of “ red ” and “ green ” receptors in 
the eye, He assumed that “ red blindness ” is due to the loss of red 
Cones, and “ green blindness ” to the loss of green cones, while red 
and green anomalous colour vision are due to the presence of 
“anomalous ” cones. From this he is able to infer that the protanope- 
deuteranope heterozygote must be normal, and to make other 
inferences, namely that the dg, dp and dr combinations will also be 
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normal, without introducing the notion of dominance, but simply 
from a consideration of the numbers of different cones, which, 
according to his theory, must be present. It is, however, extremely 
difficult to base such a far-reaching speculation on a simple assump- 
tion of the Young-Helmholtz theory, and few even among its ardent 
supporters would admit direct estimates of the relative numbers of 
“red” and “green” cones from measurements of sensitivity. De Vries’ 
conceptions also depend on a very generous idea of the variability of 
“normal” colour vision, and he assumes that it is evident that the 
protanope-deuteranope heterozygote must have normal colour vision 
simply because there would still be a 1: 1 relationship in the numbers 
of “ red ” and “ green ” cones in her eyes. His assumption of “ ano- 
malous ” cones also leads to increased difficulties, because it is not 
clear how red-green major defects can be explained in terms of 
losses of “ red” and “ green ” cones, while anomalous colour vision 
would, if anything, be more easily explained by these losses. It is more 
likely that a special kind of defective cone would be required to 
account for red-green blindness than for anomalous colour vision. 
4 The present investigation would suggest that the so-called 
mutations ” within the “ P ” and “ D ” series of alleles, which have 
been claimed by some writers,16 might be produced artificially by 
the inadequacy of earlier methods of testing, for even the Ishihara 
Test, upon which many people rely, fails completely to distinguish 
between ordinary and deviant deuteranopes, between anomalous and 
colour blind, and in many cases between those with and without 
darkened red. The two-locus theory raises some interesting complica- 
tions. Two of these complications are worth mentioning here : 
(1) That certain men might have two types of defective genes at the 
same time, in different loci of their X chromosomes, and that we 
know nothing definite about the effects of such combinations upon 
their colour vision; (2) That there would be two dominant genes 
for normal colour vision, one apparently producing its red and the 
other its green process in the phenotype. 

Pedigree XVIII could be explained on the two-locus theory, 
because the woman who had a daughter of normal phenotype and 
three sons with different defects, and who was herself green anoma- 
lous, might have been a heterozygote for all three defects together. 
Since her sister was also green anomalous, and each had a son: who 
was an ordinary deuteranope, it may be assumed that the two sisters 
were of genotype Nd/rg, and that the deuteranope sons were both 
Nd/—. The green anomalous son might be produced by crossing- 
over, and he would be of genotype Ng/—, while the red anomalous 
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son, also produced by crossing-over, might be rd/—. If we assumed 
that his genotype was produced without crossing-over, it would be 
tg/—, but red and green anomaly are opposite defects, and it is 
most readily assumed that a genotype in which they both occurred, 
such as rg/— in a man or rg/NN’ in a woman, would be of normal 
phenotype, like the daughter in the same pedigree, who most 
probably had this genetic constitution. To the best of our knowledge 
d is lower in the scale of dominance in the one series of alleles than r 
in the other, and it is not unreasonable to suppose that r might have 
a stronger effect than d in the genotype rd/—, in which they are in 
different loci. ‘There is another way of looking on this problem. 
The red anomalous phenotype may be viewed in this case as an 
expression of the only quality which the two genes r and d were 
able to produce in common. The most extreme red-green match 
Possible for the particular deuteranopes in this pedigree was the 
only possible match for the red anomalous subject. Other red-green 
matches possible to these deuteranopes would also have been possible, 
some to normal, deviant or colour-weak subjects, others to less 
Or more extreme deuteranopes, and their most extreme green matches 
to green anomalous subjects, but no others were shared with their 
red anomalous relative. Whether a similar principle might govern 
the effects produced by other combinations of genes in different 
loci is an open question. À 

If we wished to support a single locus theory it would probably 
be necessary to suppose that the red anomalous son was a mutant. 


The daughter of normal phenotype would then be one of the ordinary 
d, who did not happen to show the character- 


heterozygotes, Ng or N 
etn: to be regarded as 


istic slight defect. The pedigree is most likely 


favouring the two-locus theory. nt. 
It is worth pointing out that the combinations of genes to be 


expected in women, on the two-locus theory, are twenty in number 
for each of the two series taken separately, as shown in Table 123.* 
Since any of these pairs may occur together, however, the total 
number of possible combinations will be 10 X 10=100. For men 
the possible number of combinations of genes on this theory will 
be sixteen, and they are as follows :—N'N, N’p, N'r, N’r’, dN, d'N, 
gN, pd, pd’, pg, rd, rd’, rg, r’d, r‘d’, r’g. The genes in each pair now, 
of course, are in different loci of the same chromosome. 

The possibility of double-defective genotypes in men, some 
of which might be of normal phenotype, 1s supported by two cases 
discussed in previous chapters. One is represented in Pedigree VI. 


* See footnote on p. 364. 
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Here a daughter who was a protanope had parents of normal pheno- 
type. In the other case, shown in Pedigree VIa, apparently normal 
parents had a red anomalous daughter. It has already been suggested 
that the first result might arise from a combination such as that of 
pd/— in the father with pN’/NN’ in the mother. The protanope 


TABLE 123* 


POSSIBLE GENE COMBINATIONS FOR NORMAL AND DEFECTIVE COLOUR 
VISION IN WOMEN ON THE Two-Locus THEORY. 


(The oblique lines separate genes which are located on 
different chromosomes) 


i P 
r/p rr g g/g 
rip rh. ri’ d'd  d'jg d'd’ , 
Nip Nit Nir’ NIN N'/d N’ NYa’ N'IN 


as her genotype. 


On the single-locus theory there would be the gene combinations 
for women shown in Table 124, twenty-eight in number, while 


TABLE 124 
GENE COMBINATIONS FOR WoMEN ON THE SINGLE-Locus THEORY 
NN 
Np Pp 


NS d d’d’ 
g Pg g d’g gg 
Nr pr dr d'r gr rr 
Nr’ pr’ dr’ d'r” gr’ rr’ er 


an one gene out of the series at a time. 
possibility that certain combinations, 
such as pd, as in Bell’s pedigrees 527 and 563, and gd, in pedigree 
XVIII of this work, are normal. In spite of this difficulty the single- 
locus theory would be a more economical hypothesis if it could be 


be regarded as favouring the two-locus 


* For the two-locus theory the symbol N’ has been used to distinguish the normal 
gene in the deuteranopeseries from the corresponding normal gene in the protanope 
series, which is denoted by the symbol N 
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FREQUENCIES OF WOMEN DEFECTIVES 


Waaler’? tested 9072 Norwegian girls, and found 0:441% of 
major defectives. He points out, as Gray has indicated,” that 
the difference between this percentage and the percentage expected 
on the single-locus theory, should correspond to the proportion of 
women of normal phenotype who on the two-locus theory carry genes 
from each of the two groups of defective alleles. The present writer 
and Mr. Robert Brown found 0.59% of defectives in 676 women and 
girls, a proportion which does not differ significantly from expectation 
on the single-locus theory. These statistics, however, are not based 
on a sample large enough to warrant a confident conclusion, especially 
as most workers have found fewer women defectives than would be 
expected on this theory.?® 

_ In his survey, Waaler found 40 major defective girls by chance, 
divided into the following classes : one deuteranope, three protano- 
malous and 36 deuteranomalous. He devotes an interesting section 
of his paper to the calculation of the expected frequencies of the 
different types of women defectives, according to the two-locus 
theory, on the basis of the frequencies observed among men. There 
IS a good correspondence between these observed and expected 


frequencies. 

In the present work an improved system of classification has been 
used, and a number of defective women were tested in addition to 
those who fell into the strictly random sample of women. The 
Proportions of their various types were shown in Table 117, and it 
Was pointed out that the random proportions of these types were 
distorted to some extent because a number of them were sisters. 
If those invited as sisters of defective women are excluded, and one 
Protanope and one deviant deuteranope, who were reported to the 
Writer on sound authority but not actually given the four-colour 


test, are added, their proportions may be compared with the corres- 
p onding frequencies of defective men, and this comparison is shown 
m Table 125. Here they have been grouped so that the expected 
frequency of women will not be less than five in any cell. The 


TABLE 125 
jor Rep-GREEN DEFECTIVES 


Frequencies OF MEN AND Women Ma 
Green 


d 
ed ents Deuteranopes Anomalous Totals 
Men 59 35 149 
m Se 6 7 18 


Women .. .. 5 
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Chi-squared technique then shows that the proportions of men and 
women do not differ significantly, though the figurés suggest more 
green anomalous women in proportion than men. This would 
be expected, because green anomaly is the dominant (apart from the 
normal condition) in the more frequent group of defective alleles. 
If the actual numbers of women were increased, but their proportions 
remained the same, the observed differences would tend to become 
statistically significant. 

It is tempting to calculate the expected frequencies of women 
defectives, and, since this problem is certain to be raised again 
in later researches, a short paragraph may be devoted to it. On the 
single-locus theory the expected frequencies of women defectives 
would be represented by the expansion of the following expression, 


in which the letters represent the observed frequencies of the 
appropriate types of men :— 


(N+gtritd’+r'4d4 pp 


Gn the two-locus theory the calculation would involve :— 


genotypes in women, homozygous, such as pd/pd, and heterozygous, 
such as pd'/r’d’, and some of these again might be of normal pheno- 
type, but accurate knowledge on the matter is lacking. Although 


CONCLUDING REMARKS 


It is clear that the field for investigation of individual differences 
in colour vision is very large, and the writer hopes to organise a 


— Soro 
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survey of at least 10,000 men and boys and as many women and 
girls in the British Isles. These would be distributed in such a way 
as to enable comparisons to be made between different groups. 
Age, sex, occupation, geographical region, intelligence, art training, 
interests and personality differences would all be taken into account, 
and other points as well. The results would have considerable 
practical and theoretical value. The work should be extended to cover 
racial and other differences all over the world. 

The problems of heredity of colour vision differences and defects 
are extremely interesting. With continuously distributed differences 
in the red-green and yellow-blue axes, for normal variations, and 
discontinuous variations depending on six defective allelomorphs 
which probably have two loci, for major red-green defects, the position 
is highly complex. It is most important to collect accurate and com- 
plete pedigrees for major defective women, and the writer hopes 
that any readers who think they can help will communicate with him. 

The other main problem of this book, that of colour-vision 
theories, must be left to the judgment of the reader. Those who 
wish to limit themselves to three receptors for hue and none for 
brightness have many problems to solve, but it is important that 
they should try their best to succeed. The four-receptor theory, with 
a Separate response-system for brightness, fits the facts with astonish- 
ing ease and adequacy, and requires no special pleading to support 


its claims. 
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108, 320 

Anti-Aircraft Battery, 135, 144-145 

Aperture of lens, 128-130 

Apes, 30 i 

Aphasia, compared with colour blind- 
ness, 96 

Art of Fijian natives, 198 AP 

Art Students, 174, 197-198; training, 
367; anomalous, 197-198; deviant, 
197 

Assimilation, 226 

Assimilative change, 225 

ATS, © 35 

Aunt, 112, 178 

Australasian, 202 

Ayr, 289 


Bairp, J. W., 15 

Bat, 41 

Bechuana, 32 

Bees, 29 

Beh, Y. ga 

Behaviour, 2 

Bell, Julia, 359-360 

Berries, colour of, 115 

Binocular colour combinations, de- 
fectives, 295-296; normals, 44-46, 
295-296 

Biology of colour vision, 30 

Bipolar factor, and Granit’s theory, 
329-330; and Motokawa’s data, 
218-219; binocular combinations, 
45, 296-298; Four Colour Test, 
292-293; imaginary experiment, 227— 
228; Intermediates Experiment, 254— 
256; Nine Colour Experiment, 203- 
206, 208, 212-218, 226-229 

Birds, colour vision-of, 30 

Black, desaturation with, 6; Hering’s 
theory, 36-37, 221; Houstoun’s 
theory, 37-38; status of, 21-22; 
Young-Helmholtz theory, 39-40 

Black-red confusion, see Red-Black 
confusion 
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Black-white vision, 36-37, 39-40, 221 

Blindness, 26, 47, 320 

“ Blue blindness ”, 40, 125 

Blue-green confusion, see Green-blue 
confusion 

Blue-pink confusion, see Pink-blue 
confusion 

Board of Trade Tests, 266-267 


5 Bosse, K. K., 33, 34 


htness, 5, 9; as guide to colour, 58, 


fo. ‘ectives, 293-295; discrimin- 
ation, T 
colour ‘vi 


, 28-29; in Hering’s 
220-222; level, 80-82, 


match, 49, 56-5 156-159, 239- 
241, 263-265, 290\ of fed in protan- 
Opes and deuteranop S 276-278; 
range, 154, 160; sensitivity) 327-329; 
Test, 153-154, 159-1ķ0 \ 
British, Men, 32 \ 
British Tsles, 199 


NSAN 
runner, W., multiple all 
theory, 361 AN 

Bull, 30 \ 


Burt, C., factorial analysis, 173, 
and four colour theories, 
Pigmentation, 337 


CAESAR, JULIUS, 77 

Cambridge Blue, 25, 246 
t, 29, 329 

Caucasian, 31-33, 337 

Central scotoma for colour vision, 114 

Central vision, 14 

Centra] Wave lengths for colour stimuli, 

Chapanis, A., darkened red, 277; 
Ishihara, 301; trichromatic theory, 
332 

Character, see Mendelian 

Chase, W. P., infants, 34 

Children, testing of, xiv, 289-290, 312 

Children’s colour vision, 33-35, 289- 
292, 339 

Chimpanzee, 30 

China, yellow bale returned from, 
or 

Chinese, 32-33 


, 
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Chromatophores, in frog, 31 
Chromosome, 72, 76, 78, 194-195, 232, 
284, 346-348, 351, 358 
Clements, F., colour blind Todas, 
Indians and Negroes, 32 
Clinical information, xi ; problems, 
308-310; skill, 286-287; study of 
wooden legs, 229 
Clinician, 123 
Coefficients of reliability, 298—300 
Colimator, lenses, 129 | È 
Collins, M., xv; blue-green confusion, 
149; Daltonism, 151; deviations, 64; 
logarithms of ratios, 65; consistency 
of naming, 102; Hering’s papers, 48— 
49, 56; colour blind not dichromatic, 
99; percentages of defectives, 32; 
““reddish-green ”, 100; rotators, 55; 
sex-differences, 72, 250; variability 
of defects, 96 
Collins-Drever Group Test, 229, 311— 
312 
Colorimeter, description, 127-132, 
314; difficulty of group use, 311-312; 
fatigue with, 285; for children, 290, 
291; tests with., 132 ff., 153 ff., 158 ff., 
160 ff., 174 fi., 239 ff., 260 ff. 
Colorimetric work by defectives, 25, 
148, 171 
Colorscope, 19 
Colour Blind, compared with normals, 
68-69, 87, 144, 164; daughter, 110- 
114, 115-118, 230-232, 352-360; 
difficulty of grasping own defects, 
94-96, 120, 231; matching ranges, 
84-86, 136-141, 160-170, 209-211; 
ver-confidence of, 120-123, 233» 
1; “ nameless ” colours seen 
; relatives, 75-79, 193-195, 
209; 287, 335-336, 349-360; obstinacy 
of, 59, 120-123, 309; testing of, 58- 
60, 157, 264-265, 305-310 
Colour Blindness, 27-28; acquired, 27, 
114-115; among children, 290-291; 
binocular colour combinations, 295- 
298; brightness discrimination, 160, 
161; brightness and saturation of 
colours, 293-295; clinicalapproach to, 
xiv, 286-287, 308-310; criticism of 
the expression, 25-27; definition of, 
64-65, 322-324; evolution of colour 
vision from, 28-33, 41; Four Colour 
Test, 265, 271-278, 303; frequencies 
of, 333-334; inheritance of, 349-366; 
Intermediates Test, 241-250, 256- 
258; Ishihara Test, 103-108, 212, 
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300-303, 341-344; Nine Colour 
Experiment, 209, 229-235; not due 
to pigmentation, 36, 149-152; Paired 
Filters Test, 136-144, 147, 148-149; 
racial differences, 31-33, 198-202 
289, 336-339; Rotating Disks E: 
periment, 83-108, 110-126; termino- 
logy, 25-28; theories, 35-44, 325- 
332; Spectrum and Micro Tests, 
160-172; Stilling’s Tables, 344-346; 
total, 25, 27, 41, 65; see Deuteranope, 
Deviant Deuteranope, Protanope, 
Red-Green Blindness, Yellow-Blue 
Blindness 

Colour Circle, 3-5, 7, 10, 35, 36, 102 

Colour Group, 5, 27 

Colour filters, in imaginary experiment, 
227-228 

“ Colour ignorance "229 

Colour mixing, 9-10, 10-14, 17-20, 
35, 37; in Rayleigh Equation, and 
by anomalous and colour blind, 46- 
48; and matching, 94 

Colour names, too many for defectives, 
95-96, 322 i 

Colour naming, by defectives, 95-99, 
102—103, 109-110, 110-114, 115-125, 
264-265, 319-320; dependence of 
tests on, 9 

Co!our photography, 18, 19 

Colour printing, 18, 19 

Colour sensitivities in Intermediates 
Test, 250-256 

Colour triangle, r1 

Colour vision, biological adaptation, 
30-31 

Colour vision defects, general nature of, 
xiii-xv, 93-99, 99-103, 317-325 

Colour vision evolution, 30-33, 40-42, 
42-44 

Colour vision surveys, xvi, 366-367 

Colour Weakness, colour blind, 83-86, 
86-88, 164, 212 ff., 271-278, 323-324; 
correlations, 79-82; Edridge-Green’s 
concept, 47; factorial analysis, 203 ff., 
212 ff., 253-256, 292; normal and 
colour blind, compared, 164; not 
revealed by Ishihara, 103-108, 195- 
197, 300-301, 241-344; not revealed 
by Stilling, 344-345; Paired Filters 
Test, 136-148; re-test reliability, 
298-300; Rotating Disks Experi- 
ment, 64-65 

Combined correlations, 218-219 

Complementaries, in binocular com- 
binations, 44-46, 295-298; in colour 


INDEX 


mixtures, 9-10; in Four Colour 
Theory, 35-39; in greys and white, 
16, 22; in Nine Colour Experiment, 
175; in relation to Intermediates 
Experiment, 255; in Rotating Disks 
Experiment, 54-56 ; negative reception 
of, 13; principle and examples, 6-7 

Cones, 1, 5, 36, 37, 38, 39, 41, 326-327, 
331; “ anomalous cones ”, 327, 361- 
362 å 

Continuous variation, 52, 108, 347-349 

Contra-suggestibility, 122-123 

Correlations, colour and brightness, 
80-82, 160, 166-167; colour weak- 
nesses, 79-82, 146-147, 166-167, 
292-293; colour weakness and bright- 
ness discrimination, 160; colour 
weakness of colour blind, 86-87, 88- 
93, 147-148; combined, 218-219; 
deviation and matching range, 50; 
red-green and yellow-blue defects, 
142; Spectrum and Micro Tests, 
168 

Cousin, 77-78, 171 

Crawford, Agnes, found red anomalous 
iwoman, 284 

Crooks, K. B. M., 32 


Crossing-over, 362-363 


DALTON, J., 151 


Daltonism, 151 


Dark and Fair, colour vision compared, 
176, 198-202, 251-253, 288-289; 
among colour blind, 211, 252-253, 
336-339 

Darkened green, 91, 328, 341 

Darkened red, 26, 27, 75, 93, 190, 225- 
226; and skin pigmentation, 338; 
individual protanopes, 115—123, 150-7 
151, 171, 229-232; in protanopes as a 
group, 276-278; not revealed by 
Ishihara; 212, 301-302; pigmentation 
theory, 36, 150-151; red anomalous, 
210, 225, 238, 283-284 

Darkened violet, 25, 75, 93, 226, 3313 
Nine colour Experiment, 183-184, 
189, 190; not totally sex-linked, 191- 
193, 346; pigmentation theory, 189, 
332; possibly hysterical, 341 ; Rotating 
Disks Experiment, 75, 101; in woman 
protanope, 231; unrelated to blue 
defects, 184, 189, 193, 202, or violet 
defects, 184, 189 

Daughter, 77, 114, 118, 171, 179-179) 
232, 233, 347, 353-360 


Defence mechanisms, 123 


INDEX. A 


Desaturation of hues, 6, 9, 13, 16-17, 
54, 55, 155, 156, 206, 208, 239; 
due to colour blindness, 23, 110-114, 
115-119, 171—172 

Deuteranomalous, 320, 334, 360, 361, 
365; extreme, 334, 361; see Anoma- 
lous, Green anomalous 

Deuteranomaly, 360, 361; see Anoma- 
lous, Green anomalous 

Deuteranope, 22-23, 24, 26-28, 33, 48, 
195, 322-324, 332-334; compared 
with normals, 148, 234, 241 ff. ; 
Brightness, Spectrum and Micro 
Tests, 159-172; extreme, 49, 105, 
106, 151, 212, 232-233, 241, 256, 300- 
301; Four Colour Test, 265, 271- 
278, 293-295, 300-302; Intermedi- 
ates Experiment, 241-250, 256-258; 
Nine Colour Experiment, 209 f., 212, 

_ 232-235; Pedigrees, 349 ff.; Rotating 
Disks, 83-108, 110-115; see Colour 
Blindness. 

Deuteranopia, see Deuteranope 

Deviant colour vision, classification, 28; 
compared with colour blind, 94; ex- 
pression for colour blindness, 26; 
Four Colour Test, 266-269, 316; 
general characteristics, 317-7320; 
heterozygotes, 195, 335-336; inheri- 
tance, 346-349; Intermediates Experi- 
ment, 241-246; Ishihara Test, 195- 
197, 300-303, 341-3443 Micro Filters 
Test, 167-168; Nine Colour Experi- 
ment, 176-185; Spectrum Filters 
Test, 160-163; Stilling’s Test, 344- 
346; terminology, 64-66 

Deviant Deuteranope, binocular com- 
binations, 295-296; frequencies, 324-7 
325; general, 85, 114, 234-235) 275» 
283, 303 

Deviant Deuteranopia, 28, 
anomaly dominant to, 354) 
type, 355 
eviation, and colour weakness, 79-80; 
anomalous subjects, 280-282; 321; 
blue, 124; colour blind, 274-275; see 
Deviant Colour Vision. 

Diamond, 120 

Dichromatic, 99, 214, 222 

Dichromic, 42-43, 93) 125 

Dieterici, C., 10 

Difference between eyes, 189 

Discontinuous variation, 52, 63, 69, 
108, 124-125, 350, 361 

Dissimilative change, 225 


green 
true to 


379 

Distribution of defectives, in Britain, 
103-104, 107-108, 199; throughout 
the World, 31-32, 198-202, 336- 
338 

“ Dodgers ”, 310, 311 

“ Dodging ” by colour blind, 59, 123 

Dominance, order of, 354-357, 360, 
362, 263 

Dominant eye, 44 

Dominant, Mendelian, 76, 192, 354, 
360 

Dominator, Granit’s, 35, 329 

Donaldson, Margaret C., found red 
anomalous woman, 284 

Donders, F. C., darkening of red in 
protanopes, 277 

Double-defective genotypes in men, 
179, 232, 358) 359, 362, 363-364 

Dow, E. W. M., 10 

Dravidian, 202, 337 

Drever, J., 5, 11, 12, 14, 15 

Duplicity theory, 1, 5 

Dutch, Jewish descent, 248 

Dyes, 17-18 


Eau-pE-NIL, 25, 246 
Edridge-Green, F. W., colour weakness, 
47, 64; complementaries, 7; darkened 
violet, 101, 191; description ofdefects, 
96; evolution of colour vision, 31, 42; 
indigo, 3; individual adaptations to 
defect, 229; naming, 95; Rayleigh 
Equation, 46, 50; seven primary 
modalities, and types of defect, 42-43, 
125, 330; violet, 3 
Edridge-Green’s Beads Test, xiv, XV, 
52, 83, 121, 122, 139, 150, 183, 2345 
248, 316 $ 
Edridge-Green’s Lantern, see Lantern 
Edridge-Green’s Theory, 33, 35) 42744 
93, 125, 149, 228, 330 
Egypt, Upper, 338 
Electric Blue, 25, 246, 248 
Electrical Discharge, 37-38 
Electro-magnetic waves, 1, 42 
Emerald, 120 


“Enhanced” simultaneous contrast, 
109-110, 115-117, 122, 323 

European, 200-201, 289 

Evasion of Tests, xiii, 104, 120-123, 
209-210 

Evolution of Colour Vision, 28-33, 497 
41, 42-43 


“ Exaggerated ” simultaneous contrast, 
see “ Enhanced ” 


Exner, S., 15 
‘ 
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Experiments with Colorimeter, various, 
131 

Extra-spectral hues, 4, 7 

Extreme Deviant, 70-72, 136-137, 177, 
267 


FACTORIAL ANALYSIS, 82, 173, 212-224, 
226-229, 328-330; binocular com- 
binations, 45, 295-298; Burt’s data, 
206-208 ; combined correlations, 218- 
219; Four Colour Test, 292-293; 
green anomalous, 214-215; Inter- 
mediates Experiment, 253-256; Nine 
Colour Test, 203-206 ;red anomalous, 
215-216; red-green blind, 214 

Factors, interpretation of, 221-223 

Father, 79, 115, 118, 124, 163, 172, 230, 
347, 351-360 

Fatiguability, as form of defect, 285- 
287; extreme, 28, 265, 318 

Fatigue, 40, 53 

Fick, 89-91 

Fijians, 31-33, 198, 199, 200, 337 

Filters, 14, 15, 16, 17-18, 40, 53, 127- 
135 

Fish, 29-30, 41 

Flicker, eliminated, 53 

Flicker photometer, 361 Š 

Fluctuation of test spots, 285; of sensi- 
tivity, 310 

Fluorescent lighting, inadequacy of, 19 


Ford, E. B., occasional heterozygous 
manifestations, 287 

Four Colour Mixing experiments, 
13-14 


Four Colour Test, 260-304, 316-317, 
3393 practicability of, 303-304. 

Four Colour Theory, 35-39, 41, 45-46, 
91-92, 205, 254, 295, 325; 367; 
illustrated by Frontispiece, 225-226 

Fovea, 311, 331 

Foveal colour blindness, 114-1 15, 311 

Fox, H. M., animal colour vision, 29 

Franceschetti, A., multiple allelomorph 
theory, 361 

Frog, 30, 31, 329 


Gatton, F., 348 

Garbini, 33, 34 

Gardner, Jean, art students, 197 

Garth, T. R., 32 

Gates, R. R., 27, 32; percentages of 


defectives, 334; multiple allelomorph 
theory, 361 


Geddes, W. R., Fijians, 32, 198-199, 
200, 337; Whites, 280 


INDEX 


Geiger, L., philological evidence, 31 

Gems, 118-120 

Gene, 72, 179, 284, 287, 346-349, 349, 
355 

Gene combinations, men, 363; women, 
364 

General factor, binocular combinations, 
45, 296; colour vision, 203-206, 212- 
227, 328-329; Four Colour Tests, 
292, Intermediates Experiment, 254 

Genetic Symbols, 27-28, 351, 364 

Genotype, 232, 334, 348, 350, 358-359, 
361-366; double defective, 179, 358, 
359, 362, 363-364, 366 
ermans, 32 

Gladstone, W. E., 31 

Glasgow, 97, 113, 171, 200, 230, 287, 
289, 337 

Glasgow School of Art, 174, 197 

Glasgow University, xv, 63; Student 
International Club, 200 

Goethe, J. W., adaptation to defects, 
229 

Goldmann, 15 ` 

Göthlin, G. F., “ negative ” reception 
for complementaries, 12, 13, 14 

Granddaughter, 352-360 

Grandfather, 126, 151, 170, 178, 351- 
360 

Grandmother, 126, 171, 351-360 

Grandson, 125, 351-360 

Granit, R., 32, 261, 329-330 

Grasping Test, infants, 34 

Gray, R. C., per cent defectives, 32; 
two locus theory, 361, 365 

Greeks, Ancient, 31 

Green, why yellow and blue make green, 
18, 39 

Green anomalous, xiv, 28, 108-110, 
168, 209-211, 212, 235-238, 241-250, 
258-259, 265, 279-284, 293-295, 300- 
303; brightness sensitivity, 161; 
central wave lengths, 8; classified, 
28; deviants not anomalous, 267, 349; 
heterozygotes, 195, 335-336; inheri- 
tance, 349-366; racial differences, 
33; see Anomalous colour vision. 

Green anomaly, see Green anomalous 

“ Green ” blindness, 40, 48, 49, 50, 84, 
85, 109, 110, 112, 113, 125, 137, 196, 
295, 322, 361 

Green-blue confusion, 25, 31, 75, 103, 
124, 148-149, 171-172, 202, 245-246, 
247-249, 285, 316, 320 

Green-blue Test, 240, 242-244, 247-249 

“ Green Different ”, 28, 321, 322 


INDEX 


Green Weakness, see Red-Green Weak- 
ness, Red-Green Blindness, Colour 
Blindness, Deviant Colour Vision, 
Matching Ranges, Anomalous 
Colour Vision 

Grey, 6, 16, 21-22, 30, 37, 39; green 
signal called grey, 109, 112 

Grieve, J., per cent defectives, 32, 280 

Group Test, Collins-Drever, 229, 311- 
312 

‘Group factor analysis, 206-208 

Group testing, xiii, 311-312 

Guild, J., 10, 15 

Guinea-pig, 329 

‘Guttmann, rapid fatiguability, 28 


Hacue, B., 132 

Hair and Skin coloration, see Pig- 
mentation of skin and hair 

Hartridge, H., polychromatic theory, 35, 
330-331 

Haupt, I., 32 

Haydock, G. H., xiv-xv 

Head, H., aphasia, 96 

Helmholtz, H. L. F. von, 7, 39; sce 
Young-Helmholtz theory 

Heptachromic, 42-43, 125 

Heptachromic theory, 12 

Hering, E., 35, 36, 93, 147; papers, 56, 
315; brightness system, 220-221; See 
Hering’s theory 

Hering-Houstoun theory, 36-37, 217 

Hering’s Diagrams, 224, 225-226 
ering’s theory, xvi, 35-39, 91-13, 
152, 326-327; illustrated by Frontis- 
Piece, 225-226; supported by factorial 
Analysis, 208, 217, 221, 223, 254-255» 
292-3, 297 
ess, C., 15 

Heterozygote, colour vision of, 193- 
195, 335-336; Four Colour Test, 
269, 271; frequencies, 287-288, 333- 
334; in pedigrees, 351-360; Inter- 
Mediates Experiment, 251} Nine 
Colour Experiment, 232, 233; relation 
to minor weaknesses, 346-349; Rotat- 
ing Disks, 76-79, 114 
eterozygous, 75, 125, 269, 271, 35% 
351-360; for Daltonism, 151; for 
deuteranopia, 195, 336, 352-353; for 
green anomaly, 195, 284, 336, 352- 
353; for protanopia, 195, 336, 3527 
353; for red anomaly, 195, 336, 3533 
Nine Colour Experiment, 178-179) 
193-195; Paired Filters Test, 1433 
Spectrum Filters Test, 163, 171 
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Hexachromic, 42-43, 125 

Highland Pier, colour of trunk on, 274 

Holandric inheritance, 347; 349 

Holden, W. A., 33 

Holmgren’s Wools Test, compared 
with filters, 139; compared with 
Ishihara, 121, 272; for deuteranope, 
xiv, 108; for green anomalous, xv, 
33, 108; for protanope, 108, 121, 123; 
for yellow-blue defective, 124; Four 
Colour Test, 316; inefficiency of, 52, 
236; Rivers use of, 31, 32, 338; 
Rotating Disks Test, 83 

Homozygote, 76, 178, 232, 271, 284, 358 

Homozygous, 76, 336, 348, 357, 358 

Houstoun, R. A., xiii, xv; “ colour 
different”, 321; colorimeter, 127, 
132; deviations, 64; discontinuities 
of colour blind and normals, 63, 69; 
indigo, 3; logarithms of ratios, 65; 
microscope test, 53, 62, 63, 69; pea- 
cock primary, 173; primaries, 14, 15; 
sex differences, 250; subject tested by, 
172; trichromatic equations, 10-11 

Houstoun’s theory, 36-39, 326-327, 
329, 330; supported by correlations, 
92, 152; by factorial analysis, 217- 
218, 223, 228, 254-255 

Hsaio, 32 

Hyper-critical subjects, 264 

Hypnosis, 341 

Hysteria, 65, 341 


Imaces, made by lenses, 129-131 
Indian, 32-33, 176, 200, 289, 337, 338; 
a colour blind, 332 


Indigo, 3, 43, 238, 330 t y 
Individual, importance for science, xvit; 


subjects, 74-76, 83, 108-126, 148- 
149, 170-173, 222, 229-238, 256-259 

Indo-European, 202 

Indo-German, 199 

Inheritance, of major defects, 349- 
366; of minor defects, 346-349 

Inhibition, of colour response, 12-13 

Insect colour vision, 29, 41 

Intelligence, compared with colour 
vision variations, 224, 237, 335, 367; 
Quotient, 237; testing compared 
with colour vision testing, xiii, 305- 
307, 309 

Inter-correlations for colour weaknesses, 
169, 203-208, 253, 292-293 

Intermediate colours, testing of, 173; 
matching, 239-259 

Intermediate types, 64-65, 321 
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Intermediates Experiment, 
315-316 he. 

Intermediates in sensitivity, 47, 307 

Ishihara Test, 52, 74, 83, 94, 110, 112, 
266, 267, 285, 286, 316, 362; British 
printing, 107; children, 290-291, 
340; colour weak in, 103-108, 189, 
195-198, 300-303, 341-344; deuter- 
anopes, xiv, 103-108, 212, 300-303 
341-344; fatiguable subjects, 285, 
286; Four Colour Test, 300-303; 
foveal vision needed, 114; illustrating 
secondary colour cues, 98, 310; item 
analysis, 341-344; justification, 236- 
237; Navy, 198-199; Nine Colour 
Experiment, 195-197, 212; passed by 
heterozygote, 113, 232; population 
surveys, 32-33; protanopes, 103- 
108, 115, 117, 118, 121, 150, 171,212, 
300-303, 341-344; ragged cut-out, 
317, and crude cut-out, 236; Rotating 
Disks Experiment, 103-108; tilting 
plates to shine, 311; red anomalous, 
236, 283, 300-303, 341-344, and green 
anomalous, xiv, 103-108, 212; sun- 
light, 238 


239-259, 


Jew, 32-33, 176, 289, 337 
Jordanhill Training College, 1 13 


KArABOLIC, 35, 36; katabolism, 91 

Kilborn, L., 32 

Knies, M., violet defect, 191 

König, A., 10, 15 

Kries, J. von, duplicity theory, 1; 
darkened red, 277 


Lapb-FRANKLIN, C., critic of three- 
colour theory, 37 

Ladd-Franklin’s theory, 31, 33, 35, 40- 
42, 86, 92-93, 125, 138, 146, 213, 217, 
228, 256 

Lantern, 52, 83, 138, 236, 262 

Latvian, 230 

Lemur, 30 

Leniency misplaced in testing, 60-61, 
309-310 

Lens, 128-129 

Lipstick, bought by mother, 113 

Locus, of gene, 347, 361-366 

Logarithm, of ratio, 65, 136; of trans- 
mission values, 155 

Lorenzo, 32 

Lovibond’s tintometer, 31, 33, 291, 338 

Luminosity, for brightness, 5; of test 
spots, 131-132 
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MCCLURE, 32 

McDonald, J., xiv-xv 

McDougall, W., 33 

Magnus, 31 

Major defects, see Anomalous Colour 
Vision, Colour Blindness, Protanope, 
Deuteranope, Red-Green Blindness 

Mammals, 30, 41 

Margin of uncertainty, 99 

Matching method, for children, 33 

Matching Range, and colour weakness, 
79-80; discovery of, 49, 313; Euro- 
Peans and non-Europeans compared, 
201 ; in foveal colour blindness, 114; 
Intermediates Experiment, 246-250; 
Four Colour Test, 269-271, 271- 
274, 282-283; minor defectives, 
317-320, major defectives, 320-325; 
Rotating Disks, 66-70, 73-74; use 
of expression, 63-66 

Maternal grandmother, 171 

Maternal uncle, 349 

Maxwell, J. Clerk, 10, 15 

Means, differences of, 87-88, 143-144, 
159, 164 

Medical students, 266 

Mendelian, character, 27, 48, 76, 108, 
287, 359 

Methods, Psycho-physical, constant 
stimuli, 61-62; limits, 53, 56-59, 61- 
62, 154; mean error, 61-62; serial 
groups, 62 

Micro Filters Test, 158-159, 167-170, 
315 

Microscope Test, 53, 62, 63, 69 

Microstimulation of retina, 330 

Miles, W. R., 32 

Minor defects, 28, 63-88, 136-148. 
176-191, 266-271, 316-320; defini- 
tion of, 318; inheritance of, 346- 
349 

“ Minus ” red, green and blue, 10-14; 
colour filters, 18; in eye? 149-152, 
338 é 

Mixing colours, methods, 18 

Modulator, 35, 329 

Monochromatic colours, 16-17, 36, 
164, 175; filters, 16-18, 44, 134, 153, 
154-157 

Monochromic, 42-43 

Monkeys, 30 

Mother, 112, 120, 124, 125, 178, 230, 
347, 351-360 

Mother’s brother’s son, 248-249; sister’s 
Son, 171, 356, 358 

Mother’s father, 171, 349 
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Motokawa, K., four receptors, 39, 219, 
331 
Multiple allelomorph, 
361-366 
Murray Island, 338 
Mutant, 363 
Mutations, 33, of “P” and “D” 
alleles, 362 
, C. S., 31, 33, 34, 617.; diagram, 
-226 


195, 354, 358, 


NacGe_, W., anomaloscope, 46, 51; 
anomalous, 47; card test, 83, 109, 
121, 122, 177, 338 

Navy, 104, 106, 107, 199 

“ Negative ”, primaries, 325; receptor, 
12-13; stimuli, 10-14, 325 , 

Negro, 202, 337 H 

Negroid, 200, 201 

Nela Wools test, 52 

Neumann, 33, 34 

Neutral Filters, 

_245, 262 
Nine Colour Experiment, 173-238, 262, 
_ 283, 292, 299, 315 

Nocturnal, animals, 41; life, 31 

Nordic, 337 y 

Normal, 64; normal curve, 22, 63, 318 

Norwegian boys and girls, 32 


155-156, 175, 239 


OPAQUE, 17 

Ophthalmologists, avoid expression 
colour blindness, 47, 320 

Orange + blue—green test, 174, 180- 
181, 186-187 

Organ inferiority, 339 

Jrigin of experiments, 48-51 

Over-confidence of defectives, 60, 120- 
123 

Overlapping of receptor systems, 11, 
39, 223-224, 227-228 


“P” and “ D ” series of alleles, 362 

Paint, 17-18 

Painting by colour blind, 60, 123, 233 

Paired Colour Filters Test, 127-152) 
314; with eight colours, 132, 148 

Paling, V. R, 127 

Papuans, 31-33, 338 

Parsons, Js. Ha gry rule of colour 
matches, 47-48, 94 
astel shades, 110 

Peacock blue, 3, 173, 246 

Pedigrees, father and daughter, 352- 
353; father and son, 351; mother an 
Son, 356-358 
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Pentachromic, 42-43 

Perception and sensation, 96-99 

Peripheral vision, 14; woman colour 
blind in, 75 

Personality and colour defects, 96-97, 
II2-113, 120-123, 339-341, 367 

Pickford, R. W., 14, 15, 32 

Pierce, W. O’D, 52 

Piéron, H., brightness and saturation, 
294-295; independence of brightness 
and yellow sensitivities, 329; theory 
of colour vision, 331 

Phenotype, 179, 232, 334, 348, 349, 350, 
360, 363, 366 

Philological evidence, 31, 34 

Photerythrous, 26, 28, 110, 139, 148, 

Photometer, 131-132 

Photophobia, 41 

Photopic, 293, 329 

Phylogeny of colour vision, 30-33 

Physical measurements, 63, 66 g 

Pigment cells in frog, 31 


Pigmentation of skin and hair, 173, 
198-202, 251-253, 288-289, 336- 
339 


Pigments, 17-18 

Pillar box, colour of, 23, 97, 99, 31° 

“Pink”, special use of term, 111~ 
113 

Pink-blue confusion, 96, 102, 115, 117- 
121, 123, 170, 230, 231, 234 

Planta, P. von, 32 

Plymouth, 200 

Pointillist technique, 21 

Polish, 177 

Polychromatic, hypothesis, 330; colours, 
16-20, 36, 37, 153, 164, 206; filters, 
16-20, 132-135, 153, 158, 299; 
papers, 56 ' 

Polygenic inheritance, 347-349 


Poppies, 75., ; 
Population, testing sample of, xvi, 336- 


337 

Practice effects, 58, 234-235 : 

Primaries, 41, 173) 297) 325-6; physio- 
logical and psychological, 7, 14-15; 
36, 405 polychromatic, 19-20 — 

Primary, “ reference » stimuli; T13 
stimuli, number, 10-14, and wave 
lengths, 15; primary variability, 326 

Primates, 30 

Protanomalous, 320, 321, 334, 359-7 
360, 365; extreme, 360, 361 

Protanomaly, 360, 361, see Anomalous 


colour vision 
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Protanope, 23, 26, 27, 48, 83-108, 115— 
123, 150-151, 159, 165-168, 171, 195, 
209-211, 212, 241-250, 256-257, 265, 
293-295, 295-296; extreme, 105-106, 
150-151, 212, 229-231, 241, 256, 
300-301; moderate, 105-106, 212, 
231-232, 300-301; see Colour Blind- 
ness 

Protanopia, inheritance, 195, 230, 351- 
366 4 

Psycho-physical methods, 56-58, 61— 
62, 307-308 

Psychology, not “ objective,” 228-229 

Purkinje, 5 


RACIAL DIFFERENCES, 31-33, 173, 198- 
202, 289, 336-339, 367 

R.A.F., 24, 170, 236-237, 302-303 

Railways, colourvision test, 114 

Randall-Maclver, 32 

Rat, 41, 329 

Rayleigh, Lord, 46, 47, 48, 50, 64 

Rayleigh Equation, XV, I, 46-48, 208, 
250, 305, 329; with disks, 50-51, 53- 
56, 57, 65, 72, 85, 109; with filters, 
132-135, 137, 257 

Receptor, 2, 295, 328-329, 367 

Receptor, process, 219; system, 2, 11-14 

Recessive, 27, 76, 192, 355, 359; 
incompletely, 77, 287, 335-336, 346, 
350 

Red Anomalous, 27, 195, 209-211, 217, 
235-238, 265, 279, 280-284, 293— 
296, 320-322; darkened and normal 
red, 210, 212, 238, 283-284; deviants 
not red anomalous, 267; heterozy- 
gotes, 195, 334-336; inheritance, 
349-366; in Piéron’s theory, 331; 
see Anomalous colour vision 

Red Anomaly, see red anomalous 

Red-Black confusion, 23, 97, 115, 150- 
151, 357 

“ Red Blindness ”, 40, 48, 49, 50, 84, 
85, 115, 125, 137, 295, 322, 361 

Red-Blue Test, 240-241, 242, 244, 246, 
249-250 

Red-different, 27, 321, 322 

Red-Green blind, and normal compared, 
87, 144, 160, 164, 169-170 

Red-Green blindness, Edridge-Green’s 
theory, 42-43; examples of, 22-25; 
infrequent in certain racial groups, 
31-33; Hering’s theory, 36, 326; 
Houstoun’s theory, 37-38, 326-329; 
general discussion, 322-324; termin- 
ology, 25-28; see Colour Blindness 


INDEX 


Red-Green defects, frequencies, 32), 
103-104, 271, 272, 280, 332-334. 

Red-Green defectives as a group, 209- 
211, 271-278 

Red-Green deviant, 28, 7o-74, 136- 
137, 161-162, 176-178, 266-267; see 
Deviant colour vision 

Red-Green Equation, with rotating 
disks, 53-59; with filters, 132-135, 
154-159, 174, 260-265 

Red-Green weakness, see Colour Blind- 
ness, Colour Weakness, Matching 
Range, Red-Green blindness. 

Red-Yellow Test, 239, 242, 246-247 

“ Reddish green ”, seen by colour blind, 
5, 24, 99-100 

Reduction defect, 47-48, 94, 322 

Reflection, 17-18; by coloured papers, 
56 
> 

Relative ease, of tests, 175, 185; of 
testing, 59 

Reliability of Four Colour Test, 298- 
300 


Reptiles, colour vision of, 30 


Retina, 1, 5, 18, 21, 35, 36, 40, 42, 45» 
55, 221, 330 

Riddell, W. J. B., foveal colour blind- 
ness, 115; woman protanope, 231 

Rivers, W. H. R., racial differences, 31- 
33, 338-339; “red” and “green 
blind, 295; “scoterythrous” and 
“ photerythrous ”, 26-28, 322 

Road signs, effectiveness of colours, 35 

Rods, 1, 5, 37, 41 

Rotating Disks Experiment, 52-126, 
127, 136, 149, 157, 196, 206, 313-3145 
317, 318, 339; Collins’s, 48-49 

Rotation of Factors, 207 

Rotator, Marbe, 48, 53-55, 62, 127 

Ruby, 120 


SAPPHIRE, 120 

Saturation, in factorial analysis, 203- 
208, 293; of hues, 6, 10, 11, 16, 28- 
29) 36, 37, 46, 54, 99, 100, 102-103; 
133, 293-2905 v 

Schmidt, J., 334 

Schubert, 15 

Scoterythrous, 26, 27, 115, 322 

Scotland, xvi, 135, 290 

Scottish, 32 

Scotopic, 329 

Secondary cues to colour, 58, 97-99, 
T19, 230, 264, 309, 311 

Segregation of genes, 349, 351, 355) 
356, 359, 361-362 


INDEX 385 


Self-light of retina, 35, 37, 221 
Sensation, 1, 2, 97 
Sex-controlled inheritance, 346, 347 
Sex differences, 71, 72-73, 76-79, 137- 
139, 142-143, 185, 190-191, 250-251, 
287-288, 334-335; display, 30 
Sex-linkage, 27, 28, 48, 72, 74, 114, 
125, 171, 172, 192, 233, 251, 266, 
269, 287, 333-334, 335, 337, 346- 
348, 349-350 
“ Shade ”, special use of term, 74-75 
“ Sheep’s eyes”, in deuteranopes, 234, 
235 
Sholagas, 338 
Short-sightedness, 114-115, 286 
Sib, 353; sibling, 350 
Sigma scores, objections to, 319 
Signal lights, 94, 109, 112, 179, 233, 234, 
237, 301, 309, 321, 324 
Simpson, J. F., xiv-xv 
Simultaneous contrast, 20-21, 35, 36, 
40, 109, IIO, 112, 15-117, 122, 131, 
323 
Single locus theory, 76, 363, 364, 365, 
366 
Sister, 48, 77-79, 115, 117, 118, 120, 
230, 291, 333, 354 355» 357, 362, 365 
Sister’s son, 171, 230, 352, 356 
Smoked spectacles, 135 
Smokers, colour blindness, 115, 1779-180 
Smoking, sex difference, 346 
Sodium yellow, 48 
Son, 123-124, 347, 351-360 
South West Scotland, 289, 334 
Spectrometer, xiv, 8, 9, 16, 44, 153, 155» 
179, 249 
Pectro-photometer, 277 
Spectroscope, 16, 155 
Spectrum, 6, 8, 11, 16, 46 
Spectrum Filters Test, 154-157, 160- 
170, 314-315 
Squint, 189 
quires, B. J., 32 
Staples, Ruth, 34 
Stilling’s ‘Tables, xiv, XV, 52, 72, 74) a 
94, 107, 124, 149, 150, 171, 182, 189 
271; item analysis, 344-346 
timulus, 1-2 
Straker, A., 32, 76, 103, 107-108, 198- 
200, 280, 287, 337 
Student’s Method, 87, 144, 284 
ubtractive mixing, 17, 18 
Sympathy in testing, 60-61 


Tecunigur, Brightness Test, 153-1543 
Four Colour Test, 260-265; general, 


305-312; Intermediates Experiment, 
239-241; Micro Filters Test, 158- 
159; Nine Colour Experiment, 174- 
175; Paired Filters Test, 132-135; 
Rotating Disks Experiment, 56- 
61; Spectrum Filters Test, 154- 
157 

Temperament and colour blindness, 
I12-113, 120-123, 339-341 

Terminology, of colours by defectives, 
see Colour Naming; of Colour 
vision defects, 25-28, 63-66, 317- 
325 

Testing, problems of, 305-310 

Test-spots, luminosity, 131-132; sizes, 
130, 262 

Tetrachromatic, 214 

Tetrachromic, 42-33 

“ Tetranomalous ”, 332 

Texture as guide to colour, 98, 230 

Theories of colour vision, 35-44, 88- 
93, 325-332 

Thomson, G. H., 45, 305 

Thomson, J. J., 46 

Three colour mixing, 7, 9-10, 39-40, 
41, 321-322, 325 

Threshold, 53, 64, 79, 99, 134, 154, 160, 


161, 194, 195 
Threshold test, simple, 307-308 
Toad, 31 
Tobacco, 115 
Todas, 32, 338 2 


Tomatoes, red, 60 

Training of testees unnecessary, 63 

Tramcears, colours of, 97, 171, 230 

‘Translucent, 17 

Transmission bands of filters, 132, 154- 
155, 158 

Transparent, 17 

Trendelenberg, W., 334 

Trichromat, 321; Trichromatic, 93, 
325; equations, 10-14; theory, 13, 19, 
41, 47, 48, 88-91, 189, 325, 331 

Trichromic, 42-43, 93, 149 


Tritanomalous, 331 i 
Tritanopia, 90, 149; Tritanope, 26, 27, 


332 
Tucker, A. W., 33, 291 
Turkish, 200; Turks, 337 
Turquoise blue, 246, 249 
Twilight vision, 37 
Two-locus theory, 179, 195, 232, 354» 
361-366, 367 


ULTRA-VIOLET vision in insects, 29 
Uncle, 112, 121 
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Uralis, 338 
U.S.A., driving licence test, 112 


VALENTINE, C. W., 33, 34 

Variations, continuous and discontin- 
uous, 22, 52, 63, 69, 188, 205, 305- 
307, 322, 346-349, 350, 361 

Vernon, P. E., 32, 76, 103, 107, 173, 
198-199, 200, 280, 287, 337 

Vertebrates, 41 

Violet blindness, 51, 75, 101; weakness, 
189; see Darkened violet 

Visual purple, 42 

Vitamin A, 234-235 

Vitreous Humour, 151 

Vries, HI. de, anomalous deuteranopes, 
325; cones, 361-362; correspondence 
with, 332 


Waater, G. H. M., per cent defectives, 
32, 334; per cent women defectives, 
361, 365; two locus theory, 354, 
361 

Walls, G. L., blue-defectives, 193; 
binocular combinations, 44; colour 
vision of animals, 29-30; overlapping 
of primaries, 39; Young-Helmholtz 
theory, 89 

Wave lengths of colour stimuli, 7, 8-9, 
42-43 

West Africans, 31-33, 176, 183, 200, 
202, 289, 337 

White, 6, 7, 16, 17, 19, 21-22, 36, 37, 
38, 39-40, 221 

White forelock, 346 

Whites, 305, 337 

Wieland, W., 334 

Willmer, E. N., 1, 2, 51, 325, 332 

Winch, W. H., 33, 34 

Wooden legs, comparison with colour 
vision defects, 229 
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Wright, W. D., 2, 10, 11, 14, 15, 39,55, 
332 
Wundt, W., 330 


YATES’s correction, 251, 252 

Yellow defect, 40, 41, 202, 332, 346 

Yellow-Blue blindness, 25, 27, 83-86, 
IOI, 103, 123-126, 139, 322, 345 

Yellow-Blue deviant, see Deviant colour 
vision g 

Yellow-Blue equation, with rotating 
disks, 54-55, 56-59; tests with filters, 
132-135, 154-159, 174 186-188, 
260-262, 265 

Yellow pigment in eye, 202, 332 

Yellow primary, 11-13, 325-332 

Yellow weakness, see Deviant colour 
vision, yellow-blue weakness 

Yellow-Blue weakness, see Colour weak- 
ness, Matching range, Yellow-Blue 
blindness 

Yellow-Green Test, 240, 242-243, 247) 
258 

Yellow-Green + Violet Test, 174, 180, 
182-184, 185, 188-189, 190 

Yellow-White confusion, 24, 25) 
72, 124, 220, 249, 293 

Young, T., 35, 39 P 

Young-Helmholtz theory, xv, xvi, 1% 
26, 41, 42; anomalous trichromats, 
320; binocular combinations, 45; 
confirmed, 167; correlations for 
colour weakness, 146, 294-2955 fac- 
torial analysis, 207, 213, 217, 223» 
228; shortcomings, 49-51, 81-82, 88- 
91, 92, 93, 111, 117, 138, 184, 2385 . 
326; “tritanopia”, 85-86, 327) 
yellow-blue blindness, 125 
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ZIMMERMANN, papers, 56 
“z” technique, 218 
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THE COMPLETE EDITION OF THE 
WORKS OF C. G. JUNG 5 


G G. Jung is generally recognized as the most distinguished of living 
psychologists, and a systematic edition of his numerous writings in 
an English translation is long overdue. This edition will include 
revised versions of works already translated and published, together 
with new translations of every book and pamphlet ever written by 
Professor Jung. 

Professor Jung is himself giving considerable time and care to the 
textual revision, which in some cases will be extensive. To supervise 
the whole edition he has, in agreement with the publishers, appointed 
an Editorial Committee consisting of Herbert.Read, Michael Ford- 
ham, M.D., and Gerhard Adler, Ph.D. The work of translation has 
been entrusted to R. F. C. Hull. s 


The first volume to be published is: 


Psychology and Alchemy 
About 355. net 


It is Professor Jung’s great achievement to have demonstrated two 
facts very clearly: firstly, that alchemy was essentially a form of 
religious philosophy combining pagan, gnostic and Christian trends, 
and secondly, that it was the forerunner not so much of modern 
chemistry as of modern psychology. It is, in fact, the living*historical 
link between Christianity and psychological research: “Alchemy is 
to’Christianity as a dream is to consciousness . . .”” 

In working out the implications of this pregnant formula with a 
wealth of illustrative material drawn from ancient and mediaeval 
Sources, and correlating the alchemico-religious symbols and con- 
cepts with the products of the unconscious as manifested in sequences 
of dreams and other casuistic data, Professor Jung has provided a 
treatise of extreme interest both for the theologian and the psycho- 
logically educated layman. 

A meditation on this volume will show that the problems which 
fascinated the alchemists have lost none of their fascination for the 
psychologist to-day. Indeed, it would hardly be an exaggeration to 
say that in ‘the “opus psychologicum”’ he is carrying on their work 
of psychic transformation. 
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